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Introduction 

1. Mitochondrial Permeability Transition 
 

 Mitochondrial Permeability Transition  
 

The mitochondrial permeability transition (MPT) has been described for the first time in 

1979, with terms of Ca2+-induced membrane transition, this phenomenon involved 

endogenous NADH (nicotinamide adenine dinucleotide), ADP (adenosine diphosphate), 

and energization and acts as a protective mechanism activated by mitochondria (1). 

Only about 10 years later researchers focused on this process associating this with 

programmed cell death (PCD) and so to pathophysiological implications. They found out 

that alteration of mitochondrial function such as reduction of mitochondrial transmembrane 

potential (Δψm) or ROS (reactive oxygen species) generation were key events during early 

PCD (2), in particular reduction of Δψm was an obligate irreversible step of ongoing 

lymphocyte death, preceding other alterations of cellular physiology (3). 

Nowadays the state of the art describes the MPT as a sudden increase in permeability of 

the inner mitochondrial membrane (IMM) to solutes with molecular mass up to 1.5 kDa; 

there is also the opening of the mitochondrial permeability transition pore (mPTP), a 

voltage-dependent, high-conductance channel located in the Inner Mitochondrial 

Membrane (IMM) that leads to the dissipation of Δψm and the consequent arrest in all 

Δψm-dependent mitochondrial activities, including ATP (adenosine triphosphate) synthesis 

(4) (5). The loss of Δψm coincides with the massive entry of positively charged ions into 

the mitochondrial matrix driven by their electronegative nature and, in addition, also water 

flows into the mitochondrial matrix, causing an osmotic imbalance and leading to the 

swelling of the organelle and the rupture of the outer mitochondrial membrane (OMM). 

In turn, this provokes the release into the cytosol of several factors that are normally 

confined within the intermembrane space, these proteins are involved in the effector 

phase of apoptosis (such as cytochrome C, AIF, SMAC/DIABLO and EndoG) into the 

cytosol (6) (7). 

Since 1996 it has been discovered an evident physiological difference in cells undergoing 

apoptosis versus necrosis for what it concerns intracellular levels of ATP: when they are 

high, apoptosis can initiate and proceed, but when the energy level decrease the necrotic 

pathway is chosen for regulated cell death (RCD) (8). 

Recently, it has been found, in adult cardiac myocytes, a different kind of MPT event with 

transient feature and with low conductance, named transient mPTP openings (tPTP) or 

MitoWinks. Its function has been associated to mitochondrial and cell survival as a 

physiological process that permits to reset mitochondria (9).  

 

 Mitochondrial Permeability Transition Pore Complex 
 

The last two decades have been invested in defining the precise molecular 

composition of the mitochondrial permeability transition pore complex (PTPC) but 

despite the intense experimental efforts the real composition is still unclear.  

Since 1990s, single-channel electrophysiological recordings from rat liver mitoplast 

(mitochondria stripped of the outer membrane) defined a mitochondrial megachannel 

(MMC) activated by Ca2+ and inhibited by Mg2+, Cyclosporin A, and ADP, probably 
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acting at matrix-side sites, such as mPTP. These results identified the existence of this 

pore that increase the conductance of the IMM during MPT (10) (11).  

Shortly thereafter, the same group, has defined a voltage dependence of MMC very 

similar to that of VDAC (voltage-dependent anion channel), in fact, purified VDAC 

molecules reconstituted in planar bilayers or proteoliposomes formed a dimeric channel  

(12) so, they defined a model with two cooperating VDAC channels involved in mPTP 

formation and function plus presumably an adenine nucleotide translocator (ANT) dimer 

and a third component known to be part of the mitochondrial benzodiazepine receptor 

(mBzR) (13). For the first time it has been associated an OMM protein, VDAC, with a 

phenomenon that occurred in IMM, MPT, suggesting that this megachannel would be 

formed by different proteins in a big complex.  

In a different work, in fact, researchers isolated the mBzR and defined the interaction with 

VDAC and ANT, OMM and IMM channel proteins enhancing the hypothesis that mBzR 

may act as transport site at the junction of the two mitochondrial membranes (14). 

More evidences of these interactions in forming PTPC were emerged in 1996, when, in rat 

brain, it was documented the presence of an high molecular weight complex comprising 

VDAC, ANT, hexokinase 1 (HK1) and creatine kinase, mitochondrial 1 (CKMT1); 

complexes were incorporated into artificial bilayer membranes and showed a high 

conductance, asymmetrically voltage dependent and an ATP retaining ability (15). 

Furthermore, this PTP-like structure opening was Ca2+-dependent and inhibited by ADP, 

ATP and glucose (16).  

Figure 1. Hypothetical PTPC molecular structure. MPT is mediated by the opening of a 

supramolecular entity, called PTPC, assembled at the juxtaposition between mitochondrial 

membranes. Structural and functional studies show that multiple mitochondrial and cytosolic 

proteins intervene in the formation or regulation of the PTPC, yet the actual pore-forming unit of the 

complex remains elusive. These proteins include VDAC, ANT, HK, CYPD, PiC, TSPO, CKMT1. 

(Morganti C, Bonora M, Sbano L, Morciano G, Aquila G, Campo G, Wieckowski MR, Giorgi C, 

Pinton P (2018) The Mitochondrial Permeability Transition Pore. Mitochondrial Biology and 

Experimental Therapeutics). 

 

Lately, another participant of the complex mPTP has found: cyclophilin-D (CYPD), it 

interacts with VDAC and ANT forming a complex at contact sites between the two 

membranes (17). 

In 1998, purified ANT molecules reconstituted in proteoliposomes were found to form an 

oligomeric channel capable to induce the MPT (18). 
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At this point of knowledge, the first PTP complex model is composed by a supramolecular 

entity assembled at the interface between the IMM and the OMM by the physical and 

functional interaction of VDAC, ANT, HK1 and CKMT1, and CYPD is not part of the pore 

but only a regulator.  

Actually, consequent evidences had changed the components of this first model.  

In fact, through genetic modulation of ANT in mouse liver it has been discovered that 

mitochondria lacking ANT could still be induced to undergo MPT, resulting in release of 

cytochrome c and, in particular, hepatocytes without ANT remained competent to respond 

to various initiators of cell death, suggesting that ANTs are non-essential structural 

components of the PTPC, although they participate in regulation (19).  

Analogously, it has been performed the deletion of the three VDAC genes and these 

knock-out mitochondria shown unaltered Ca2+- and oxidative-stress-induced MPT and cell 

death, demonstrating that VDACs too are not essential for both MPT and Bcl-2 family 

member-driven cell death (20).  

Another genetic study has been done on Ppif-/- mice, where mitochondrial CYPD had 

been inactivated: mitochondria derived were desensitized to Ca2+, insensitive to 

Cyclosporin A (CsA), a well-known and potent inhibitor of the PTP, so, the PTP can form 

and open in the absence of CYPD, this protein is the target of CsA, and is able to 

modulates the sensitivity of the PTP to Ca2+ but not its regulation by the proton 

electrochemical gradient, adenine nucleotides, and oxidative stress (21).  

CYPD has a crucial role in the process of MPT, regulating the opening of the complex, but 

it is mainly localized within the mitochondrial matrix so it is improbable its direct 

involvement in forming the pore; it is probably an auxiliary, modulatory component of the 

complex, which forms and has essentially the same properties even in Ppif-/- 

mitochondria (22). 

Since 1965, inorganic phosphate is known to produce swelling of isolated mitochondria, it 

is an MPT-promoting metabolite, and the complex may possess a specific binding site  

(23).   

In physiological conditions, inorganic phosphate is transported across the IMM by 

mitochondrial carrier including SLC25A3 (best known as PHC or PiC) and SLC25A24 

(also known as APC1) (24): PiC imports inorganic phosphate into mitochondrial matrix 

coupled to either the co-import of H+ ions or the export of OH- ions, whereas APC1 

exports ATP and Mg2+ ions.  

For example, APC1 can regulate the matrix adenine nucleotide content, modulating the 

sensitivity of mitochondria to undergo MPT (25), in particular, it has been demonstrated its 

negative feedback control between cellular Ca2+ overload and mPTP-dependent cell death 

(26). Also PiC has been correlated to mPTP, in particular it binds CYPD and ANT 

controlling pore opening (27). This evidence has been enhanced also by a high-

throughput genetic screen that demonstrated that PiC was able to interact with members 

of the permeability transition pore complex ANT and VDAC, and its binding to ANT was 

stabilized in the presence of apoptotic activators (28).  

Purified PiC molecules reconstituted in liposomes has shown an action as coupled 

antiport and uncoupled uniport (29), suggesting a potential pore-forming role for PTP 

complex. 

Actually, in 2012 it has been shown that PiC silencing doesn’t affect neither mitochondrial 

Ca2+ accumulation nor mPTP opening (30), suggesting that PiC was not so essential for 

PTPC and MPT process.  

In vivo models of mouse strains overexpressing or with decreased levels of mitochondrial 

PiC has demonstrated that mitochondria isolated from the hearts of these transgenic 

models compared to their controls presented no differences in Ca2+-induced MPT, 
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indicating that PiC localized in mitochondria is not an essential component of the MPT 

pore (31); furthermore, PiC loss desensitize mPTP opening confirming its regulating 

activity (32).  

SPG7, paraplegin matrix AAA peptidase subunit, was another genetic candidate to be a 

PTPC component: silencing experiments has led to the conclusion that this protein is 

necessary in Ca2+ and ROS-induced mPTP opening, in fact disruption of SPG7-CYPD 

binding impaired mPTP complex activity and revealed a role of SPG7 as a core 

component of the PTP at the OMM and IMM contact site (33).  

In the last few years, through the fluorescence-imaging-based techniques developed in 

order to study MPT (34), another protein was investigated to the role of PTPC component: 

the mitochondrial F1FO ATP synthase, particularly the c subunit of the FO domain (which in 

humans is encoded by three genes, ATP5G1, ATP5G2 and ATP5G3) (35), (36), (37). 

 

 Regulatory Components 
 

Different proteins have been shown to regulate the activity of the core PTPC (VDAC, ANT 

and CYPD composed), including cytosolic and mitochondrial proteins. 

The translocator protein (18 kDa) (TSPO) is localized at the OMM and together with 

VDAC and ANT, OMM and IMM channel proteins, respectively, formed the mitochondrial 

benzodiazepine receptor (mBzR), an important transport sites at the junction of two 

mitochondrial membranes (14). Several different studies reported the effect of 

endogenous (38) and exogenous (39), (40) TSPO agonists to provoke MPT in isolated 

mitochondria. The effects of the different TSPO ligands on cell death exhibited a great 

degree of variability: these compounds might have a cytoprotective or cytotoxic role (41),  

(42), (43), (44).  

Different kinases, such as CKMT1, HK1, HK2, glycogen synthase kinase 3β (GSK3β) and 

protein kinase Cε (PKCε) have physical interaction with core PTPC units suggesting a 

functional role as regulatory proteins.  For example, CKMT1 is localized to the 

mitochondrial intermembrane space and it has been demonstrated its interaction with 

VDAC and ANT (15), (16) but also its function in phosphorylation of creatine, a reaction 

that is tightly coupled to oxidative phosphorylation and of consequence to the availability 

of ATP and ADP (45), (46): it has to be clarified if MPT-modulatory activity of CKMT1 

originates from its physical interaction with the PTPC components or its catalytic activity. 

Hexokinase isoforms I and II bind to OMM in large part by interacting with VDAC isoforms 

(47) and can control glycolytic metabolism and suppresses the release of intermembrane 

space proteins inhibiting apoptosis (48).  

In fact, by inhibiting the association between HK2 and VDAC, through cell-permeant 

peptides or chemicals, cell undergoes the inhibition of glycolysis and the induction of 

MOMP (mitochondrial outer membrane permeabilization) (49), (50). However, it has been 

demonstrated that apoptosis induced by the HK2 peptide is not affected by genetic 

ablation of VDAC, suggesting that HK2 detachment from mitochondria transduces a 

mPTP opening signal that results in cell death independently from VDAC (51).  

In vitro studies demonstrated that PKCε can directly bind and phosphorylate VDAC 

promoting HK2 binding and consequent mPTP opening inhibition (52).  

At the same way, it has been demonstrated that GSK3β when activated can 

phosphorylate VDAC, inhibiting the binding of HK2 (53).  

Furthermore, phosphorylation on Ser9, known to inhibiting activity of GSK3β, has been 

associated to suppression of mPTP opening due to reduction in physical interaction of 

ANT to CYPD (54). 
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Figure 2. Possible configuration 

of the PTPC. MPT is mediated by 

the opening of a supramolecular 

entity assembled at the 

juxtaposition between 

mitochondrial membranes. Such a 

large multiprotein complex is 

commonly known as PTPC. 

Structural and functional studies 

performed throughout the past 

two decades suggest that multiple 

mitochondrial and cytosolic 

proteins intervene in the formation 

or regulation of the PTPC, yet the 

actual pore-forming unit of the 

complex remains elusive. These 

proteins include (but are not 

limited to): various isoforms of 

VDAC, ANT and HK, CYPD, PiC, 

TSPO, CKMT1, GSK3β, p53, as 

well as several members of the 

Bcl-2 protein family. The precise 

composition of the PTPC, 

however, remains elusive. Recent 

data indicate that the 

mitochondrial ATP synthase, in particular, the c subunit of the FO domain, has a critical role in MPT. 

Whether the c subunit truly constitutes the pore-forming unit of the PTPC, however, has not yet 

been formally demonstrated (5). 

 

It has consequently found that activation of the mitochondrial fraction of GSK-3α/β is 

connected to phosphorylation of CYPD, which in turn facilitates PTP opening (55).  

Inhibition of GSK3β has been linked also with several upstream signal transducers, for 

example, via protein kinase B/Akt and mTOR/p70(s6k) pathways, PKC pathways, protein 

kinase cGMP-dependent (PKG), or protein kinase A pathways mediated MPT-inhibitory 

effects (56), (57), (58). 

Several core components of the PTPC physically and functionally interact with 

components of the machinery that controls MOMP, including both pro- and anti-apoptotic 

members of the Bcl-2 protein family as well as p53, enhancing the importance of a tight 

relationship between this two regulated cell death processes for an extremely regulated 

crosstalk.  

For example, some explanations derived from the identification of the interaction of Bcl-2 

family of proteins, in particular Bax, Bak or BCL-xL, to VDAC in order to regulate the Δψm 

and the release of cytochrome c during apoptosis (59), (60), even if the MPT-modulatory 

activity of these proteins remains to be confirmed. 

Other evidences derives from the demonstration that the proapoptotic molecule Bax and 

the constitutive mitochondrial protein ANT cooperate within the PTPC to increase 

mitochondrial membrane permeability and to trigger cell death (61), (62). Similarly it has 

been demonstrated for Bid: it acts on PTPC to induce apoptosis through its functional 

interaction with ANT (63).  

In addition, BCL-2-associated agonist of cell death (BAD) has been associated to a 

sensitization of mPTP to Ca2+ through a Bcl-xL-sensitive and VDAC-mediated process 

due to a missed interaction between these two proteins (64).  
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Recent data indicate that in response to oxidative stress, a pool of p53 accumulates in the 

mitochondrial matrix and triggers mPTP opening and necrosis by physical interaction with 

CypD (65).  

In conclusion, in spite of a significant experimental effort, the precise molecular 

composition of the PTPC remains elusive and further studies are required to obtain 

precise insights into this issue. Accumulating evidences indicate that the mitochondrial 

ATP synthase, the multiprotein complex that catalyzes the synthesis of ATP while 

dissipating the chemiosmotic gradient generated by the respiratory chain across the inner 

mitochondrial membrane, constitutes a central PTPC component. 

 

 Molecular composition of mitochondrial F1FO ATP synthase 
 

The mitochondrial F1FO ATP synthase is a large 

multiprotein complex consisting of a globular domain 

that protrudes into the mitochondrial matrix (F1 domain, 

also known as soluble component) and an inner 

mitochondrial membrane-embedded domain (FO 

domain); the domains are interconnected by a central 

and a lateral stalk (66). Mammalian ATP synthases 

contain 15 different subunits: α, β, γ, δ, ε, a, b, c, d, e, 

f, g, A6L, F6 and O (also known as oligomycin 

sensitivity-conferring protein, OSCP) forming a fully 

functional holoenzyme with a total molecular weight of 

~ 600 kDa.  

 

Figure 3. F1FO ATP synthase structural composition.  

 

Through cryomicroscopy it has been determined the structure of intact ATP synthase from 

bovine heart mitochondria: the mammalian F1 domain is composed of three α/β dimers 

and interacts with one copy of the γ, δ and ε subunits (central stalk) as well as with the b, 

d, F6 and O subunits (peripheral stalk), providing a physical bridge between the soluble 

and proton-translocating (FO) components of the holoenzyme (67). The FO domain, 

instead, is composed by a ring-shaped oligomer of c subunits stabilized by binding of 

cardiolipin, a lipid that is highly enriched in (if not confined to) the IMM (68).  

C subunits in the so-called c-ring change in number across species (10 in humans) (69). 

Site-directed mutagenesis studies in E. coli have defined the components of the FO 

domain as highly hydrophobic and with a critical carboxyl group (most often as part of a 

Glu or Asp residue) directly involved in the translocation of protons across the IMM (70). 

The other constituents of ATP synthase, that is, the a, e, f, g and A6L subunits interact 

with the c-ring: it is known that the a subunit physically interacts with the b subunit, while 

A6L appears to bridge FO to other components of the peripheral stalk (69).  

Two main sites of possible pore-formation in mitochondrial F1FO ATP synthase have been 

proposed: the monomer–monomer interface of the dimer and the c-ring by itself and in the 

context of mitochondrial F1FO ATP synthase. 

 

 

 

 

 

 



13 

 

Figure 4. Molecular and 

supramolecular organization of 

the mammalian ATP synthase 

(5). 

 

 

 

 

 

 

 

 

 

 

 Mitochondrial F1FO ATP synthase as the possible molecular 
identity of the PTP complex  
 

The specific attentions in the mitochondrial F1FO ATP synthase as the possible molecular 

identity of the PTP complex has been started after the screening for potential CYPD 

binding partners. In particular, studies of native gel electrophoresis purification and 

immunoprecipitation of F1FO synthase revealed that CYPD associates to the lateral stalk 

of ATP synthase and modulates the activity of the complex (71). Furthermore, a 

consequent study has shown that CYPD binds the OSCP of the enzyme (35).  

Most important, in this study, Giorgio et al. proposed that the PTPC forms from dimers of 

the F1FO ATP synthase: in fact, dimers excised and extracted from blue native gels and 

reconstituted into lipid bilayers have been reported to provoke currents that are consistent 

with the known electrophysiological properties of the PTPC. These data have not been 

reproduced by other groups and appear to contradict several studies demonstrating, for 

instance, the cytoprotective effects of inhibitor protein (IF-1) that promote F1FO ATP 

synthase dimerization (72). In 2016, Gerle suggested an uncomplicated proof of Giorgio’s 

affirmations: the loss of PTPC-specific subunits during extraction from the excised gel 

bands or reconstitution into the black membrane, in fact, bovine F1FO ATP synthase 

comprises 17 different subunits of which the two FO subunits DAPIT and 6.8 kDa are 

easily lost during extraction from the IMM (73).  

The dimerization interface was visualized for the first time in 2015, at the α-helical level for 

the F1FO ATP synthase from the algae Polytomella (74) and no pore-forming site has been 

found, however, dimerization structures of bovine, Drosophila or yeast enzyme have not 

been reported yet. In conclusion, a more accurate examination of the monomer–monomer 

interface as a potential pore-forming site remains to prove. All the results described can’t 

provide a robust evidence excluding a key role for F1FO ATP synthase dimers in the MPT. 

Only recently, our group reported a link to MPT induction and F1FO ATP synthase dimers 

dissociation and that stabilization of F1FO ATP synthase dimers by genetic approaches 

inhibits PTPC opening 

(75). 

 

Figure 5. F1FO ATP 

synthase dimer 

dissociation plays a 

crucial role in MPT and 

allows PTPC opening. 

(75) 
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 C subunit  role 
 

The other possible option for the pore-forming entity within the components that make up 

the mitochondrial F1FO ATP synthase involves its proton-transporting c-ring: it possess a 

pore like shape with a diameter similar to the predicted pore diameter of the PTP. ATP 

synthase membrane rotors consist of a ring of c subunits whose stoichiometry is variable 

across different species (76). C-ring is structurally the best characterized sub-complex of 

the F1FO ATP synthase membrane domain, including numerous high resolution X-ray 

crystal structures from Spirulina platensis or Saccharomyces cerevisiae (77), (78).  

C subunit protein contains an highly conserved glycine zipper domain fundamental for the 

tight disposition of c subunits within c-rings (79), in fact, variations of this motif of glycine 

repeats (GxGxGxGxG) in the first (N-terminal) α-helix can influence the stoichiometry and 

consequent structure of c-rings modulating ATP synthases functionality (76). C subunits of 

F1FO ATP synthase are encoded by three genes, ATP5G1, ATP5G2 and ATP5G3, and it 

has been shown that cells depleted of ATP5G1 or ATP5G3 exhibit reduced sensitivity to 

MPT-driven regulated cell death (36), (37).  

In recent years different essential studies on c subunit of F1FO ATP synthase has been 

made by our group and in particular we provided experimental evidence that the c subunit 

plays a pivotal role in mPTP activity and mPTP formation, demonstrating a strong 

correlation between the mPTP functional state and c subunit expression.  

In fact, in 2013, Bonora et al. through a study of genetic inhibition of F1FO ATP synthase 

different subunits demonstrated that c subunit constitutes an important component of the 

PTPC: in particular, it plays a critical role in the CsA-dependent opening of the PTPC 

induced by cytosolic Ca2+ increase, c subunit expression modifications act on 

mitochondrial fragmentation and this protein is able to control MOMP and cell death 

consequent to mPTP opening induced by oxidative stress in different cell lines (36).  

In a subsequent work, our group confirmed that F1FO ATP synthase dimers dissociation is 

required for PTPC opening and c-ring conformation is essential for this process (75). 

These findings were confirmed by silencing studies on ATPIF1, a subunit of the F1FO ATP 

synthase known to promote dimerization (72) and on ATP5I, which has a motif of the 

transmembrane domain fundamental to the dimerization/oligomerization of ATP synthase 

complex in the mitochondrial membrane (80). These data obtained by two genetically 

distinct approaches indicate that stabilizing F1FO ATP synthase dimers limits PTPC 

opening and MPT and that the dissociation of dimers is a cause, not a consequence, of 

MPT. Furthermore, the dissociation of dimers is required for a correct conformation of c-

rings to open PTPC and it has been demonstrated that c-ring-targeting agents are able to 

inhibit PTPC opening ex vivo in a model of cardiac reperfusion injury. 

Taken together, these findings suggest that PTPC opening is a multistep process that 

involves disassembly of F1FO ATP synthase dimers and rearrangement of c-rings and that 

the c subunit of the F1FO ATP synthase may constitute a promising target for the 

development of novel cardio-, neuro-, or nephro-protective agents. 

It is not to omit that some groups affirmed the opposite, through experiments with purified 

dimers of the ATP synthase reconstituted into lipid bilayers found out the opening of a 

channel with currents that were mPTP electrophysiological equivalent, so these results 

indicate that mPTP forms from dimers of the ATP synthase (35). 

On the other hand, other independent groups have confirmed and extended our 

observations, for example Alavian et al. in 2014, demonstrated that the purified 

reconstituted c-rings created a voltage-sensitive channel, which persistent opening 

caused a strong depolarization of the IMM in cells. Furthermore c subunit overexpression 
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made cells more sensible to death whereas its depletion protected cells from Ca2+-

induced IMM depolarization and ROS-induced apoptosis (37). Indeed, major evidence for 

the so-called “c-ring hypothesis” is derived from other experiments on purified 

phosphorylated and non-phosphorylated forms of c subunit: this work has shown a role of 

c subunit as structural and/or regulatory component of PTPC and its activity might be 

modulated by Ca2+-dependent phosphorylation (81).  

In support of our hypothesis other evidences has shown that c subunit from purified 

mitochondria in presence of Ca2+, inorganic polyphosphate (polyP) and 

polyhydroxybutyrate (PHB) can create ion channels with properties near to the native 

mPTP, moreover this channel complex increases during mPTP opening and can be 

decreased by CsA and RR (Ruthenium Red, a mitochondrial calcium uptake blocker), 

connecting Ca2+ and mPTP opening to this complex formed also by c subunit (82).  

The c subunit is a hydrophobic protein with properties that are similar to those of lipids, 

and it is not expected to be able to form water-filled pores in its c-ring. Therefore, these 

data suggest that the c subunit is responsible for forming the Ca2+-dependent channel with 

the help of polyP possibly serving as the hydrophilic coating of the pore (83). Therefore, 

several increasing evidence for the pivotal roles of c subunits in the MPT has been found 

(84).  

Figure 6. Hypothetical structure of the central conducting pore part. A portion of the 

mitochondrial structure is represented. In healthy cells (on the left), C subunit is part of the dimeric 

F1FO ATP synthase and contributes to ATP production (in blue – the C-ring). The model proposed 

(on the right) is that during Ca
2+

-induced MPT, the C subunit associates with polyP (in black) and 

PHB (in orange) allowing the generation of a water-permeable channel. A question mark has been 

inserted in the figure because other rearrangements could be required (83). 

 

Despite that, in 2017 Walker group discovered the MPT in the absence of c subunit, 

generating a clonal cell, HAP1-A12, in which ATP5G1, ATP5G2, and ATP5G3 were 

disrupted. These cells preserved the characteristic properties of the PTP even if lacking c 

subunit protein. These data are the results of a single cell clone, so clonal adjustment 

cannot be excluded. Indeed, they reported that HAP1-A12 cells assembled a vestigial 

ATP synthase, with intact F1-catalytic and peripheral stalk domains and supernumerary 

subunits e, f, and g but without membrane subunits ATP6 and ATP8. The authors did not 

exclude the possibility that the PTPC could be associated with the ATP synthase complex, 

but they speculated that the most likely components available to form the pore were the b, 

e, f, and g subunits (85). 

In 2013 Bonora et al. examined PTPC formation after c subunit silencing, demonstrating, 

for the first time, that the c subunit of FO is required for MPT, mitochondrial fragmentation 

and cell death induced by mitochondrial Ca2+ overload and oxidative stress (37).  

In addition it has been shown that both in vivo for the E. coli enzyme (86) both in vitro for 

reconstituted rotor rings (87) phospholipids occupy the internal lumen of the c ring in a 

lipid plug.  
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“C-ring hypothesis” has to prove the several interactions of the modulating molecular 

players of PTP and importantly how this lipid plug is removed or the diameter of the c-ring 

substantially widened, in particular, this opening occurs in a reversible manner and while 

exhibiting several sub-states of conductance.  

CYPD was not shown to interact with the c-ring, but rather it binds to the OSCP, so the c-

ring by itself appears too simple to allow for regulation and modulation. Therefore, the c-

ring in the context of either monomeric or dimeric F1Fo ATP synthase is a more likely 

candidate for a physiological relevant site of pore formation. In the intact mitochondrial 

F1Fo ATP synthase the central stalk (CS) makes tight contact with the c-ring at multiple 

sites, but it does not seal it off from bulk solution and keeps the c-ring's lumen connected 

to the matrix (88). That leaves the lipid plug as the only barrier to pore formation. 

Prolonged high matrix Ca2+ enlarges the c-ring leading to conformational rearrangement 

of c subunits accompanied by diameter widening of the c-ring suggesting a way to pore-

formation (37). This capability of c-ring to deform might be supported by different 

evidences (89), (90), but direct structural evidence for this kind of flexibility, however, has 

not been reported yet. 

Another potential site for pore formation has been found at the interface between the c-

ring and the a subunit: electron cryomicroscopy (cryoEM) studies of the Polytomella F1Fo 

ATPases dimer have revealed a hairpin of long, horizontal, membrane-intrinsic α-helices 

in the a subunit next to the c-ring rotor that are capable to create channels in the 

membrane that provide access to the proton-binding sites in the rotor ring (91). Despite 

this, another group has investigated mPTP in cells devoid of mitochondrial DNA (ρ(0) 

cells), which encodes the a and A6L subunits, and found out a functional mPTP, 

suggesting that these two subunits are not part of the complex.  

More recently it has been proposed a different model: the death finger model, here, 

movement of a p-side density that connects the lipid-plug of the c-ring with the distal 

membrane bending FO domain allows reversible opening of the c-ring and structural 

cross-talk with OSCP and the catalytic (αβ)(3) hexamer (73). However our group has 

produced grounded data indicating that MPT involves the dissociation (not the 

association) of F1Fo ATP synthase dimers in combination with the formation of poorly 

selective pores across the IMM by c-rings. 

 

 mPTP opening inhibitors and c subunit 
 

Extensive effort has been invested in the synthesis and testing of new mPTP opening 

inhibitors, such as substituted cinnamic anilides, with an activity additive with that of CsA, 

suggesting for a molecular target different from CYPD (92). These compounds has been 

tested in order to attenuate opening of the mPTP and limit reperfusion injury in a rabbit 

model of acute myocardial infarction. Another compound, GNX-4728, has been tested in 

an amyotrophic lateral sclerosis (ALS) animal model and this mPTP-acting drug has 

increased the survival of ALS mice protecting against motor neuron degeneration and 

mitochondrial degeneration (93). These are only two studies to cite in order to enhance 

the importance of a clear knowledge of mPTP functioning and composition, in particular 

because this complex must be a molecular target in several pathologies or metabolic 

impairments and finding small molecule drug candidates might be decisive.  

To the best of our knowledge, none of these inhibitors were designed to target the c 

subunit expressed in eukaryotic cells or for cardioprotective purposes in the treatment of 

myocardial infarction (MI). However, Danshensu (DSS), the effective component of Salvia 

miltiorrhiza (Danshen) a traditional Chinese herb, has been widely used in clinic for 
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treatment of cardiovascular diseases in China. In a 2013 study, they reported that 

Danshensu modulated c subunit protein expression and provided significant 

cardioprotection against myocardial I/R injury, and the potential mechanisms of 

suppression of cardiomyocytes apoptosis might be through activating the PI3K/Akt and 

ERK1/2 signaling pathways (94).  

Of our interest, among ATP synthase inhibitors, oligomycin A was identified in 1958 (95). 

Its presence is sensed by a subunit important for the functional and structural coupling 

between FO and F1: the OSCP. Recently, an important role of OSCP as a site of 

interaction with CYPD, a matrix protein that can modulate mPTP opening, was 

discovered.  Intriguingly, in the early 2000s, a report described the potential of oligomycin 

A to inhibit mPTP opening induced by selenite, in fact it inhibited the selenite-induced 

cytochrome c release and Δψm loss, showing that F1FO ATPase was important in selenite 

or Ca2+/Pi-induced MPT (96). Furthermore, oligomycin A has been showed an additive 

effect on cyclosporine A (CsA)-dependent mPTP activity (97).  

Therefore, an high-resolution crystal structure model has defined a binding of oligomycin 

A to the c ring of yeast mitochondrial ATP synthase: the carboxyl side chain of Glu59, 

which is essential for proton translocation, forms an H-bond with oligomycin via a bridging 

water molecule but is otherwise shielded from the aqueous environment, in particular, the 

amino acid residues that form the oligomycin-binding site are 100% conserved between 

human and yeast (98). 

With the aim of identifying a new pharmacological approach for the treatment of  I/R-

related damage, in the first chapter of this thesis, they are described  the discovery, 

optimization, and structure−activity relationship (SAR) studies of the first small molecule 

mPTP inhibitors able to target the c subunit of the F1FO-ATP synthase complex. These 

compounds, which are based on a 1,3,8-triazaspiro[4.5]decane scaffold, may lead to the 

development of new cardio/neuroprotective agents for the clinical management of 

ischemic events. 
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2. Mitochondria in Ischemic Heart Diseases 
 

Given mitochondria’s importance in cellular 

physiology, mutations both in mitochondrial and 

nuclear DNA might lead to genetically 

heterogeneous group of mitochondrial disorders 

(99) as shown by the fact that the same 

mutation led to different pathological 

phenotypes in tissue specificity or age of 

patients, this situation is also linked to the level 

of heteroplasmy of mtDNA in mitochondria’s 

pool (100).  

Figure 7. Cover journal of (101) 

 

Furthermore mitochondrial dysfunctions have been found in a plethora of diseases, from 

metabolic disorders to neurodegenerative diseases: in particular this chapter has the 

purpose to explain the role of mitochondria in ischemic heart disease (IHD).  

In cardiomyocytes about 35% of the total cell volume is constituted by the mitochondrial 

network (102), this is due to the large energetic consumption of this type of cell for their 

contractile capacity and to the meticulous regulation of electrical conduction depending 

from Ca2+ homeostasis. The strong importance of mitochondria in cardiomyocytes has 

been recently underlined by Hom and colleagues who found out a connection between 

mPTP and cardiomyocyte development: the state of opening of this pore can guide 

cardiac mitochondria maturation in structure and function and can control myofibrillar 

organization (103). Moreover, during ischemia a series of intracellular changes take place 

and they are accompanied by opening of the mPTP, loss of Δψm and impairment in ATP 

production.  

Then nowadays it has been necessary to overcome existing therapies for heart failure 

(HF) in order to act directly on molecular impairment inside the cardiomyocytes: 

mitochondrial dysfunction has been identified as a target of study and an innovative way 

for patient treatment (104). Therefore studying mitochondria and mPTP in particular might 

produce advantageous information for the treatment of several pathologies, in particular 

cardiovascular diseases such as myocardial infarction, cardiomyopathies, hypertension, 

atherosclerosis, characterized exactly by an impaired mitochondrial function (105), (106).  

 

 Ischemic heart diseases 
 

According to the World Health Organization, ischemic heart diseases (IHD) are the 

leading cause of death, life-years lost and disability worldwide, contributing to over 7.2 

million deaths annually (107), (108), (The World Health Organization, The top ten causes 

of death fact sheet. http://www.who.int/mediacentre/factsheets/fs310/en/index.html). IHD 

is not only a disease of the old people in rich countries, but also several studies indicate 

an impact on working-age adults and it is an increasing trouble in low- and middle-income 

countries (109), (110). A positive fact is that the mortality due to IHD has declined over the 

past four decades in western countries on the one hand thanks to significant progress in 

therapy and on the other linked to reduction of risk factors and to lifestyle improvements. 

In fact, this type of pathology is complex and multifactorial: several studies has linked IHD 

both to genetic and environmental factors such as physical activity, hyperlipidemia, 

hypertension, and smoking (111).  
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In Myocardial Infarction (MI), timely reperfusion strategies are the gold standard in the 

treatment of patients affected and most of the time are ensured by primary percutaneous 

interventions (PCI) (112). An ST elevation MI, also termed STEMI, mostly occurs when 

the thrombus formation promotes a complete occlusion of an important coronary vessel, 

leading to severe consequences as myocardial necrosis and cell death. This type of MI is 

life-threatening and despite in most cases is treated promptly and PCI is effective, a non-

negligible amount of patients develop large MI and subsequent heart failure (HF).  

Hausenloy and co-workers have demonstrated how important are the first minutes upon 

revascularization in limiting infarct size (IS) if mPTP inhibitors are timely perfused (i.e., 

sanglifehrin-A) (113), (114). This protection is lost if 15 minutes elapse without mPTP 

inhibitor administration defining a critical cardioprotective time window for interventions 

(115), (116). 

The focus of this thesis is on mPTP, which opening causes an important collapse of the 

Δψm, the depletion of adenosine triphosphate (ATP) stores and mitochondrial swelling 

(117) that accelerate tissues injury. For these reasons, the entity of mPTP opening may 

be considered as an adjunctive “risk factor” in the severity of reperfusion damage 

progression (118), (119) and it may differ among patients, thus it is important to be 

evaluated. 

  

Figure 8. Physiological 

and Pathophysiological 

Roles of the mPTP in the 

Heart. 

Transient opening of the 

mPTP is implicated in ROS 

signaling, cardiomyocyte 

development, and 

mitochondrial Ca
2+

 efflux 

that affects metabolism. 

Key components of the 

mPTP (PiC, ANT, and the 

F1FO ATP synthase) 

comprise the ATP 

synthasome, thereby 

providing a direct link to 

mitochondrial energy metabolism. Prolonged mPTP opening leads to loss of Δψm, cessation of 

ATP synthesis, mitochondrial swelling, rupture, and death.  

 

 Molecular mechanism of Ischemia and Reperfusion Injury 
 

IHD occurs when cardiac myocytes are unable to obtain a sufficient oxygenated blood or 

in general in case of an increased myocyte metabolic demand and there is a failure of 

supply of oxygen delivery (120) caused normally by a plaque erosion or rupture or 

dissection of an atherosclerotic coronary artery. The detrimental effects of coronary 

occlusion depends on magnitude and duration of the arrest of blood flow and in order to 

defend the most part of tissue it is essential to restore the blood flow immediately: 

however reperfusion can exacerbate the damage leading to uncontrolled cell death, this 

event is usually known as ischemia-reperfusion injury (I/R Injury) and can have significant 

effects on clinical outcome of the patient (121), (122).  
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Figure 9: Schematic illustration 

of the mediators and 

consequences of 

ischemia/reperfusion injury 

 

At molecular level in 

cardiomyocytes oxygen 

deprivation leads to 

mitochondrial respiratory chain 

function blockade, leading to a 

failed production of ATP, 

which is indispensable for 

cellular energy metabolism 

(123), (124). In this condition, it occurs the switch to anaerobic glycolysis to produce more 

ATP causing accumulation of lactate and hydrogen ions dropping down cellular pH and 

leading to metabolic acidosis. In order to restore physiological pH and ionic balance, 

progressively the plasma membrane Na+/H+ exchanger extrudes H+ outside the cell and 

Na+/K+ ATPase try to remove excessive cytosolic Na+ (125) but ATP shortage leads 

unavoidably to Na+ accumulation, activation of the sarcolemmal Na+/Ca2+ exchanger and 

intracellular Ca2+ overload (126). In particular, Ca2+ is buffered via mitochondrial calcium 

uniporter (MCU) thanks to negative ψm to drive uptake into the matrix: mitochondrial Ca2+ 

overload is an event deeply linked to myocardial I/R injury (127), (128). Also 

endoplasmic/sarcoplasmic reticulum Ca2+ handling is impaired: SERCA ATPase is unable 

to reuptake Ca2+ into ER/SR while ryanodine receptor release is augmented (129), (130), 

(128). 

It is important to underline that it 

has been demonstrated that 

mPTP is closed during ischemia 

and its opening occurs only 

during reperfusion in response 

to ionic and metabolic changes 

(131).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Major pathologic 

events contributing to ischemic  

components of tissue injury 

(132). 
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Figure 11. Ca
2+

 overload-induced cell death in 

the heart. Cardiac I/R injury results in cytosolic 

Ca
2+

 overload. The uniplex transports Ca
2+

 into 

the mitochondrial matrix, resulting in activation 

and opening of the mPTP. mPTP opening 

causes IMM permeabilization, loss of Δψm also 

causes mitochondrial swelling and rupture, which 

ultimately results in cardiomyocyte death.  

 

Years ago, taking advantage from the 

tritiated glucose entrapment in mitochondria 

(also known as Hot-DOG technique), 

Griffiths and Halestrap discovered that 

mPTP is maintained closed during ischemia 

episodes and that opens only at the time of 

reperfusion; indeed, the key inhibitory effect exerted by acid pH generated during 

ischemia blocked the mPTP in its closed conformation despite the presence of other 

inducers.  

In fact, ischemia condition is characterized by low pH that inhibits mPTP opening, 

restoration of blood flow causes a series of events after around 2 minutes of reperfusion 

that promote mPTP opening: intracellular pH returns to normal, mitochondria recover their 

function and Ca2+ is accumulated (133), (134), (135). mPTP is a pore of 1.5 kDa and 

during its opening H+ can pass back into the matrix and ψm
 is dissipated, ATP synthesis is 

blocked and mitochondrial respiratory chain is uncoupled, finally, mitochondria start to 

swell because of water entry (136), (137).  

Furthermore, upon reperfusion oxygen recovery determines oxidative stress by reducing 

nitric oxide (NO) bioavailability that consequentially reduces myocardial blood flow 

reperfusion through the coronary circulation. 

Xanthine oxidase, NADPH oxidase (Nox) and mitochondria participate in reperfusion-

induced oxidative stress producing reactive oxygen species (ROS) (138). Exactly 

oxidative stress and mitochondrial Ca2+ overload are found to participate intensively to I/R 

injury and are known activators of mPTP opening (139), conditioning cell death in 

response to I/R.  

The implication of subunit c in MI is suggested by our findings showing the significant 

correlation between the circulating protein in the serum of STEMI patients and several 

surrogate markers of myocardial reperfusion (140) and that its selective targeting in the 

first 10 minutes of revascularization protected the ischemic rat heart from the impairment 

of the cardiac performance and the excessive apoptosis (101). 

Therefore studying c subunit in order to found a therapeutic approach that limit I/R injury 

might be an innovative way to ameliorate STEMI patients clinical outcome. 
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 Endogenous cardioprotection processes to reduce I/R Injury 
 

During the last decade, a great number of efforts has led to several clinical trials with the 

aim of limiting IS e and reducing I/R injury through different approaches.  

A useful process of endogenous cardioprotection to decrease I/R injury in heart without 

using pharmacological interventions is to pre-condition with transitory ischemic episodes 

before undergoing to prolonged ischemia, this method is known as ischemic pre-

conditioning (IPC) and it has been demonstrated in 1986 by Murry et al. (141). IPC has 

been associated to mPTP opening inhibition in Langendorff-perfused rat heart after global 

ischaemia enhancing pore closure as hearts recover (142), (143).   

Similarly, short-term periods of ischemia performed just at the time of reperfusion can 

reduce IS, this method is called post-conditioning and its anti-ischemic protection has 

been linked to mPTP opening inhibition in in vivo experiments on rabbits (144) and it has 

been demonstrated to be as effective as IPC in reducing final IS in dogs (145). The first 

human study was performed in 2005 in a small group of STEMI patients and the results 

suggest a protective effect of post-conditioning treatment (146). A different study has 

demonstrated in STEMI patients that post-conditioning at the time of PCI reduce IS and 

edema (147). There are other small trials, but not all, that have reported beneficial effect 

on IS reduction by post-conditioning (148).  However, protective effects of post-

conditioning have not been demonstrated in a largest randomized clinical trial such has 

the POST (Effects of Postconditioning on Myocardial Reperfusion in Patients With ST-

Segment Elevation Myocardial Infarction) of 2013 (149).  

 

Figure 12. Some of the more promising strategies for combating reperfusion injury, by the 

mechanism of cell death interrupted. ANP, atrial natriuretic peptide; GIK, glucose-insulin-

potassium; MPT, mitochondrial permeability transition; pHi, intracellular pH; PKG, protein kinase G; 

PLB, phospholamban. 
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At molecular level the cardioprotection of post-conditioning is linked to the delay of the 

normalization of intracellular pH during initial reperfusion, this acidosis inhibits 

hypercontracture, mPTP opening, calpain-mediated proteolysis, and gap junction-

mediated spread of injury (150). This delayed normalization of intracellular acidosis during 

reperfusion after post-conditioning has been associated also to cGMP/PKG pathway, 

probably via PKG-dependent inhibition of Na+/H+-exchanger (151).  

Another form of endogenous protection has been recently described: remote ischemic 

conditioning (RIC) consists in remote induction (generally in the extremities) of intermittent 

myocardial ischemia immediately before or in the first few minutes of reperfusion. It has 

been tested in animal models (152), (153) and compared to post-conditioning it is simpler, 

without the hazards and logistics of multiple coronary artery balloon inflations but 

molecular mechanisms involved in RIC cardioprotective effects are still unclear (154), 

(155). Furthermore, RIC’s therapeutic potential has been tested against acute I/R injury in 

a number of different noncardiac organs and tissues including the kidneys, lungs, liver, 

skin flaps, ovaries, intestine, stomach and pancreas (156) and has shown protective 

effects after different types of cardiac surgery interventions (157), (158), (159), (160).  

 

 Pharmacological treatments to reduce I/R Injury 
 

In addition to endogenous protection of myocardial conditioning, it has been lately 

developed several pharmacological interventions to reduce I/R injury with different 

degrees of success.  

For example among β-blockers, pre-clinical evidences of IV metoprolol on pig model of 

infarction with protective effects when administered before reperfusion (161), (162) has 

led to human METOCARD-CNIC (Effect of Metoprolol in Cardioprotection During an Acute 

Myocardial Infarction) trial which has shown significant smaller infarcts in early presenters 

(<6 h from STEMI onset) with long-term benefits (163), (164). In fact, in order to confirm 

these evidences, a much larger study named COMMIT (ClOpidogrel and Metoprolol in 

Myocardial Infarction Trial) on STEMI patients found out that early intravenous then oral 

metoprolol administration reduces the risks of reinfarction and ventricular fibrillation, but 

augments the occurrence of cardiogenic shock (165). A recent and in process trial 

(EARLY-BAMI) is going to figure out the effect of intravenous metoprolol administration 

before primary PCI for STEMI on myocardial infarct size as measured with MRI at 30 days 

(166).  

As we described before, cGMP/PKG pathway controls the recovery of intracellular pH, but 

it has also direct effect on Ca2+ concentration and mPTP opening (167) and is deeply 

involved in post-conditioning protection. A pharmacological approach to modulate this 

pathway is through the activator of PKG: atrial natriuretic peptide (ANP) was used in a 

clinical trial on STEMI patients and it has shown protective effects such as lower infarct 

size, fewer reperfusion injuries, and better outcomes (168).  

Several trials has studied the potential therapeutic role of glucose during myocardial 

infarction. In vivo administration of insulin in rats has been linked to Akt activation through 

the PI3-kinase-dependent mechanism and can reduce post-ischemic myocardial apoptotic 

death (169).  

As a consequence of these evidences, it has been started several clinical trials with 

glucose/insulin/potassium (GIK) and the results indicate that GIK administered at the time 

of reperfusion, can reduce mortality in STEMI patients particularly in a high dose (170). 

Recently, the IMMEDIATE (Immediate Myocardial Metabolic Enhancement During Initial 

Assessment and Treatment in Emergency Care) trial tested a combined administration of 

GIK with beneficial effects on the subgroup of STEMI patients (171).  
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A different trial has tested exenatide, a glucagonlike peptide-1 analog, that has shown an 

effect at the time of reperfusion in patients with STEMI undergoing PCI with a significant 

increase in myocardial salvage (172) in particular, a post hoc analysis has shown that this 

effect occured only in patients with short-duration of ischemia (173). Also liraglutide, 

another glucagonlike peptide-1 analogue, administered to STEMI patients treated with 

PCI has improved left ventricular ejection fraction at 3 months (174). 

On STEMI patients it has been developed a trial (INFUSE-AMI) to test the effect of 

abciximab, a glycoprotein IIb/IIIa inhibitor, and/or thrombectomy on IS: intracoronary 

administration of abciximab significantly reduced IS (175). 

Also adenosine, a degradation product of adenosine monophosphate, acts via Akt 

activating cGMP/PKG pathway and several trials take advantage of its mechanism of 

action. For example, the Acute Myocardial Infarction STudy of ADenosine (AMISTAD) trial 

has tested adenosine as an adjunct to thrombolysis and it resulted in a significant 

reduction in IS (176) but AMISTAD-II, 6 years later, has investigated the effect of 

intravenous adenosine on clinical outcomes and IS in STEMI patients undergoing 

reperfusion therapy and it showed no significant differences on clinical outcomes between 

placebo and treated groups (177). Another trial (PROMISE) has investigated the 

intracoronary administration adenosine at the time of PCI with beneficial effect on IS, 

microvascular obstruction and post-infarction remodeling only in patients receiving primary 

angioplasty with shorter ischemic times (< 200 min) after the onset of pain (178). 

 

 Translational aspects of mPTP inhibition to reduce I/R Injury 
 

The essential involvement of mPTP opening in I/R injury (131) and in cardiac myocytes 

cell death has led to focused therapies on inhibition of mPTP opening in order to obtain a 

cardioprotective effect. Since 1991, a chemical inhibitor of CYPD, CsA, has been 

discovered involved in prevention of mitochondrial dysfunction induced in vitro by 

Ca2+ overload and protection against anoxia-induced injury mediated in isolated cardiac 

myocytes (179). A lot of pharmacological data have shown the protection of CsA 

pretreatment in different organs: for example CsA can significantly reduce apoptosis in 

liver following I/R injury (180); low-dose pretreatment has been shown a beneficial effect 

also on rat kidneys after I/R improving functional parameters by lowering oxidative stress 

(181). A pilot clinical trial of 2008 has shown that administration of CsA at the time of 

reperfusion attenuates lethal myocardial injury measured by different parameters such as 

the release of creatine kinase and troponin I and improving magnetic resonance imaging 

(MRI) results on day 5 after infarction (182). The same group of patients has been 

followed up at 6 months after infarction and the reduction in IS has been maintained 6 

months post-treatment, moreover patients showed no negative effects on left ventricular 

(LV) remodeling (183). Furthermore, additional evidences have been added by a 2014 

clinical study in patients undergoing aortic valve surgery: at time of reperfusion CsA 

administration has beneficial effect against I/R injury, reducing cardiac troponin I levels 

(184). 

Lately, another CYPD binding compound, named Sanglifehrin A, has been identified as a 

potent inhibitor of the mPTP and I/R injury of the heart in vivo, via Langendorff perfused 

rat heart (185). Debio 025, another CYPD inhibitor has been demonstrated to improve 

dystrophic condition in a mouse model of Duchenne muscular dystrophy (DMD) thanks to 

its mPTP regulative activity (186).  
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Novel derivative of cyclosporin A, such as FR901459, has been shown to exert 

neuroprotective effects, via the inhibition of mPTP formation both for in vitro mitochondrial 

damage and for in vivo brain damage in cerebral ischemia models (187).  

Baines et colleagues demonstrated that mice lacking CYPD gene are protected from I/R-

induced cell death in vivo in addition their mitochondria extracted from liver, heart and 

brain are resistant to mitochondrial swelling and permeability transition; whereas mice 

CYPD-overexpressing show mitochondrial swelling and a strong cell death tendency 

(188). Others in vivo works on CYPD-deficient mice confirmed both functional and 

morphological protection in mice following I/R injury in several organs, such as kidney and 

brain (189), (190). Genetic in vivo studies have confirmed the inhibition of mPTP opening 

by inducible and cardiac-specific deletion of the mitochondrial phosphate carrier (PiC) 

leading to attenuated cardiac I/R injury (32).  

Therefore component or regulators of mPTP can be putative targets for new 

pharmacological therapies for I/R injury treatment in order to reduce uncontrolled cell 

death. 

In Chapter 1 is shown the discovery of a series of small-molecule mPTP opening 

inhibitors that targets the c subunit of the F1FO ATP synthase complex: these compounds 

have beneficial effects in a model of MI, with decreased apoptotic rate in the whole heart 

and overall improvement of cardiac function upon administration during reperfusion. 

Furthermore these compounds did not show off-target effects at the cellular and 

mitochondrial levels so they might be used in the treatment of reperfusion damage in 

myocardial infarction (101). 

Since MI is a multifactorial disease in which both environmental factors and genetic 

profiles play a key role in its onset and development (191), (192), a genetic link between 

mPTP and reperfusion damage is a fascinating but still lacking topic.  

In Chapter 2, to fill this gap, our purpose was to understand if the mPTP opening at 

reperfusion time could be also due to genetics determinants. In summary, because of the 

poor knowledge about mPTP and I/R injury in patients affected by MI and considering the 

need of additional therapies to support the standard clinical practice to reduce I/R injury, 

our aim was to investigate how mPTP is related to I/R injury in STEMI patients and how it 

can be easily assessed, as obtaining heart samples is extremely difficult or impossible. In 

addition, we also investigated whether genetic determinants of subunit c may contribute to 

the worsening of the mPTP-mediated I/R injury. 
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Chapter 1. 
 

Discovery of Novel 1,3,8-Triazaspiro[4.5]decane 
derivatives that target the c Subunit of F1FO Adenosine 

Triphosphate (ATP) Synthase for the Treatment of 
Reperfusion Damage in Myocardial Infarction 

 

Abstract 
 

Mitochondrial permeability transition (MPT)-driven apoptosis is a type of programmed cell 

death during which the inner mitochondrial membrane (IMM) exhibits increased 

permeability with a consequent osmotic influx of solutes in the mitochondrial matrix. This 

event is mediated by the mitochondrial permeability transition pore complex (PTPC), a 

membrane multiprotein platform composed of pore-forming parts and modulators that 

contribute to its conformational state and, thus, to its mechanism of action.  

In two previous studies, we provided experimental evidence that the c subunit of F1FO 

ATP synthase plays a pivotal role in mitochondrial permeability transition pore (mPTP) 

activity and mPTP formation, demonstrating first, a strong correlation between the mPTP 

functional state and c subunit expression; and second, the multi-step nature of the mPTP 

opening by ATP synthase dimers disassembly and c-ring conformational arrangements.  

Recent cardiology research studies have reported a key role for mPTP opening in the 

progression of myocardial cell death secondary to reperfusion. Since up to 50% of the 

final infarct size is due to ischemia-reperfusion injury, targeting the PTPC could be a 

valuable adjunct in reducing infarct size.  

In this first project, we validated a new pharmacological approach as an adjunct to 

reperfusion in myocardial infarction (MI) treatment and described the discovery, 

optimization, and structure−activity relationship (SAR) studies of the first small-molecule 

mPTP opening inhibitors based on a 1,3,8-triazaspiro[4.5]decane scaffold that targets the 

c subunit of the F1FO ATP synthase complex.  

We identified three potential compounds with increased mPTP inhibitory activity at low 

concentrations, a specific localization to the mitochondrial compartment and beneficial 

effects in an ex vivo model of MI, they did not show off-target effects at the cellular and 

mitochondrial levels; moreover, the compounds preserved mitochondrial ATP content 

despite interacting with the ATP synthase complex. 

 

 

 

 

 

 

 

 

 

 
Figure 13. Rationale of the project. 
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Riassunto 
 

Il processo di apoptosi provocata dalla transizione di permeabilità mitocondriale è un tipo 

di morte cellulare programmata durante il quale la membrana mitocondriale interna (IMM) 

mostra un’aumentata permeabilità con un conseguente influsso osmotico di soluti nella 

matrice mitocondriale. Questo evento è mediato dal complesso proteico del poro 

mitocondriale di transizione della permeabilità (PTPC), una piattaforma multiproteica di 

membrana composta da porzioni componenti il poro e da modulatori che contribuiscono 

allo stato conformazionale e al conseguente meccanismo di azione del poro stesso.  

In due studi precedenti, il mio gruppo di ricerca ha dimostrato che la subunità c del 

complesso F1FO ATP sintasi ricopre un ruolo fondamentale nell’attività e nella formazione 

del poro di transizione mitocondriale (mPTP), prima di tutto dimostrando una forte 

correlazione tra lo stato funzionale dell’mPTP e l’espressione della subunità c, in 

particolare tra la modalità a diversi passaggi con cui avviene l’apertura dell’mPTP dovuta 

al disassemblaggio dei dimeri di ATP sintasi e da riarrangiamenti conformazionali del c-

ring.  

Studi recenti di cardiologia hanno riportato il ruolo chiave dell’apertura dell’mPTP nella 

progressione della morte delle cellule del miocardio in seguito a riperfusione. Infatti più del 

50% dell’area finale dell’infarto è dovuta al danno da ischemia e riperfusione, quindi 

bersagliare il PTPC può essere un’ottima strategia per ridurre l’area infartuata finale.  

In questo primo progetto, abbiamo validato un nuovo approccio farmacologico che può 

essere addizionato alla riperfusione nel trattamento dell’infarto del miocardio e qui vi si 

descrive la scoperta, l’ottimizzazione e gli studi di relazione struttura-attività (SAR) delle 

prime piccole molecole inibitrici dell’apertura dell’mPTP basate su uno 1,3,8-

triazaspiro[4.5]decane scaffold che colpisce la subunità c del complesso dell’ F1FO ATP 

sintasi. Abbiamo identificato tre potenziali composti che mostrano un’attività inibitoria 

dell’mPTP aumentata a dosi inferiori ai composti di riferimento, una migliore 

localizzazione nel compartimento mitocondriale e effetti positivi anche in un modello di MI 

ex vivo, inoltre non mostrano effetti collaterali né a livello cellulare né a livello 

mitocondriale preservando il contenuto mitocondriale di ATP nonostante la loro 

interazione diretta con il complesso dell’ATP sintasi.  
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Results 
 
1. Identification of 1-phenyl-8-tosyl-1,3,8-triazaspiro[4.5]decan-4-one (PP11) 

as a novel small-molecule inhibitor of the mPTP.  
 

Oligomycin A is classified as an mPTP opening inhibitor that targets the c subunit of F1FO 

ATP synthase (193); therefore, it was selected as the reference compound for this project. 

In particular, oligomycin has been investigated in mutagenesis studies: resistance to 

oligomycin in yeast implicate a target site residing at the interface of subunits a and c, with 

an involvement of both Gly23 and Glu59 of the N- and C-terminal transmembrane helices 

of subunit c, respectively (194), (195), (196). Yeast Glu59 of subunit c is equivalent to E. 

coli Asp61, located in the middle of the membrane, and is believed to be involved in 

proton translocation that drives ATP synthesis. Indeed, oligomycin A is known to establish 

several Van der Waals interactions with c subunits, forming a hydrogen bond with Glu59 

through a water molecule bridge through which the carboxyl group of a leucine residue is 

also recruited (Figure 14A) (98). In particular, the southern part of oligomycin A (Figure 

14B) is closely engaged by the binding cavity of the c-ring.  

 

Figure 14. Discovery of PP11 as the first small-molecule inhibitor of the mPTP with a 

spirocenter template that mimics the spiroketal moiety of oligomycin A. 

A: Graphical representation of the key amino acid residues defining the binding pocket of the 

known mPTP inhibitor oligomycin A to the c-ring. 

B: Structure of the southern portion of oligomycin A showing a 1,7-dioxaspiro[5.5]undecan moiety 

that is closely involved in the interaction with the c-ring. 

 

Considering this information and the need to simplify this natural compound to facilitate 

easy, accessible synthesis, we explored the activity of a series of small molecules 

mimicking the southern 1,7-dioxaspiro[5.5]undecane moiety of oligomycin A. To test the 

hypothesis that the spiro bicyclic fragment may be mandatory for mPTP inhibition, we 

initially screened a small internal library of spiro derivatives that somewhat resemble the 

functional structure of the natural compound. These preliminary investigations resulted in 

the identification of 1-phenyl-1,3,8-triaza-spiro[4,5]decan-4-one derivative 1 (PP11, Figure 

14C).  

To assess the efficacy of PP11 in inhibiting Ca2+-mediated mPTP opening, we first 

measured its biological activity in HeLa cells by calcein-cobalt assay (34). mPTP opening 

was stimulated by the addition of the ionophore ionomycin, and the resulting kinetics were 

compared. As shown in Figure 14D, the addition of 1 μM ionomycin to cells pretreated for 

15 minutes with 1 μM PP11 resulted in desensitization of mPTP opening by approximately 

50% as assessed by the slope of the curve after stimulation, which was significantly less 

than that observed in vehicle-treated cells. Moreover, PP11 was able to inhibit the mPTP 
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opening in a manner very similar to that of oligomycin A (98), (197), (198) as a direct 

derivative but at a tenfold lower concentration. These data demonstrated that the small-

molecule inhibitor derived from the known compound oligomycin A was able to efficiently 

inhibit mPTP opening.  

PP11 inhibitory effect was comparable also with that of Cyclosporin A, another well-known 

mPTP inhibitor whose target protein is CYPD (199).  

Therefore, PP11 was selected as the starting point for further studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. C: Structure of PP11, a novel small-molecule inhibitor of the mPTP with a 1,3,8-triaza-

spiro[4.5]decan-4-one template. 

D: Calcein-cobalt assay in living cells pretreated with vehicle, oligomycin A, PP11 and CsA. mPTP 

opening was stimulated by ionomycin administration, and representative kinetics data are reported. 

***: p value<0.001; ****: p value<0.0001.  

 

2. PP11 accumulates selectively in mitochondria. 
 

To monitor and better characterize PP11’s biological activity in cells, we investigated its 

subcellular localization, focusing on the amount localized within mitochondria, the 

hypothetical site of action. As illustrated in Figure 15A-C, fractionation (200) of living cells 

treated with vehicle (A) or PP11 (B) resulted in successful isolation of pure mitochondrial, 

cytosolic and endoplasmic reticulum (ER) fractions. Samples from each subcellular 

compartment were analyzed by HPLC-HRMS to detect the compound.  

 

Figure 15. Intracellular localization studies. 

A: Isolation and validation of mitochondrial, endoplasmic reticulum and cytosolic subcellular 

fractions from untreated cells.  

B: Isolation and validation of mitochondrial, endoplasmic reticulum and cytosolic subcellular 

fractions from PP11-treated cells.  

C: Isolation and validation of mitochondrial, endoplasmic reticulum and cytosolic subcellular 

fractions from oligomycin A-treated cells. 
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As shown in Figure 16C, PP11 selectively accumulated in the mitochondria without 

detectable traces in the other subcellular fractions (Figure 16D, E); however, a residual 

amount of the spiro derivative was detectable in the supernatant fraction (Figure 16F). 

The same investigation performed after administration of oligomycin A revealed a less 

selective distribution of the compound, with significant amounts detected in all the isolated 

subcellular compartments (data not shown).  

 

Figure 16. PP11 selectively localizes in mitochondria. 

Subcellular localization of PP11 was investigated via HPLC-HRMS analysis of samples from 

different cellular compartments before and after treatment with the compound. 

A: The HPLC-HRMS profile of PP11 analyzed in physiological solution revealed broad band 

absorption (7-8.5 min) with maximum absorption at a retention time of 8.03 min (top panel). The 
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blue region of the HPLC spectrum corresponds to a unique mass peak at [M+H]+ m/z of 386.15339 

(bottom panel, [M+H]+ calculated for PP11 386.1533). 

B: The HPLC profile of the mitochondrial fraction isolated from untreated cells revealed a relatively 

clean zone in the detection region of PP11 (from 7 to 8.5 min, top panel). The gray band on the 

HPLC spectrum corresponds to the mass spectra area between the retention time of 7 to 8.5 

minutes enlarged in the bottom panel. 

C: The HPLC-HRMS profile of the mitochondrial fraction isolated from cells pretreated with PP11 

clearly indicated the presence of the PP11 compound with an HPLC band at a retention time of 8.2 

min (top panel). The red area of the signal corresponds to the enlarged TIC signal for the mass 

peaks (bottom panel), among which the [M+H]+ m/z of 386.15339 indicated that the presence of 

PP11 was not detectable in the corresponding untreated fraction (panel B). 

D: No detectable amount of PP11 was found by HPLC-HRMS in the cytosolic fraction of PP11-

treated cells.  

E: The HPLC profile of the ER fraction isolated from PP11-treated cells revealed a relatively clean 

zone in the detection region of PP11 (from 7 to 8.5 min, top panel). The gray band of the HPLC 

spectrum corresponds to enlargement of the TIC signals of mass peaks detected by HRMS 

analysis (bottom panel). 

F: The HPLC-HRMS profile of the supernatant fraction isolated from cells pretreated with PP11 

indicated the presence of the compound. 

 

Moreover, to directly monitor target engagement inside cells, we performed a cellular 

thermal shift assay (CETSA) (201), (202) using a protocol based on ligand-induced 

thermal stabilization of the target protein, the c subunit of FO ATP synthase. Thermal shifts 

at high compound concentrations are known to correlate with median inhibitory 

concentration (IC50) values and affinities, as measured by other methods (203), (204); 

therefore, by using higher concentrations of PP11, we were able to detect its binding with 

the c subunit of FO ATP synthase (Figure 15D) between 60-80°C. Despite the low 

sensitivity of the assay and an inability to perform any molecular docking assays, Figure 

15D shows that the c subunit protein was thermally stabilized by PP11 pretreatment (red-

dashed line) and that this effect was absent in other mitochondrial proteins, such as 

ATP5A (black-dashed line).  

 

Figure 15. D: CETSA assay in HeLa cells to evaluate 

the thermal stabilization of two mitochondrial proteins 

(ATP5A and the c subunit) in the presence or absence of 

the PP11 compound. 

 

 

 

 

 

 

 

 

 

To further confirm the putative selective PP11-c subunit binding, a UPLC-XEVO-TQD 

(Waters, UK) mass spectrometry investigation of the c subunit protein overexpressed in 

and immunoprecipitated from isolated mitochondria of PP11-pretreated cells was 

performed. The results from this experiment are reported in Figure 17 and indicate that a 

significant amount of PP11 was clearly detectable and bound to the c subunit. Together, 

these data confirm the ability of PP11 to selectively enter mitochondria and bind the c 

subunit to inhibit mPTP opening. 
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Figure 17. UPLC-XEVO-TQD investigation of the c subunit protein immunoprecipitated from 

cells pretreated with PP11. 

A: Immunoprecipitation of the c subunit of FO ATP synthase in isolated mitochondria from vehicle- 

and PP11-treated HeLa cells. Input lysates as well as IPs used for the UPLC-XEVO-TQD 

investigation are shown. VDAC and TIM23 mitochondrial proteins have been used as negative 

controls.  

B: UPLC-XEVO-TQD profile of PP11 as a reference compound. Typical band absorption at a 

retention time of 0.47 minutes was observed.  

C: UPLC profile of the c subunit obtained through immunoprecipitation from cells pretreated with 

PP11. The presence of the compound is indicated by the UPLC band at a retention time of 0.49 

min.  

D: The UPLC profile of the c subunit immunoprecipitated from untreated cells does not show 

significant band absorption, confirming that the signal observed in panel B can be ascribed to 

PP11.  

E: Mass profile of the molecular ion peak [M+H]+ of PP11. F: MS/MS profile of PP11 revealing two 

typical fragments. Both molecular ion and fragment peaks were detected via band absorption at a 

retention time of 0.49 min, as shown in panel B. 
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3. Design, synthesis and biological characterization of PP11 analogs as 
inhibitors of the mPTP. 

 

Encouraged by the promising biological profile of PP11 and considering the higher 

chemical stability of the aza-spiro moiety compared with the spiro-ketal function of 

oligomycin A, we initiated an SAR investigation of a new bicyclic core to improve 

compound potency. We applied a versatile synthetic approach that resulted in a series of 

PP11 derivatives that were differentially substituted at the N1 and N8 positions (Figure 18). 

We first investigated the effect of replacing the tosyl function at the N8 position of PP11 

with a benzyl group (compound 6a) or with different sulfonamide (8-10), carboxamide (13, 

14), urea (15 and 16) or thiourea (17) moieties.  

The results of the biological assay indicated that the compounds with the benzyl group or 

(hetero)arylsulfonamide N8 substitutions exhibited the best performance; these 

compounds were therefore combined with N1 phenyl rings at the para/meta positions with 

both electron donating or withdrawing groups (compounds 6b-g, 11, 12). The common 

synthetic pathway for the preparation of all the  investigated final compounds is depicted 

in Figure 18.  

α-Aminonitriles 3a-g were synthesized by a Strecker reaction from the commercially 

available N-benzylpiperidone 2, which was reacted with (substituted) anilines in the 

presence of trimethyl silyl cyanide (TMSCN). The nitrile group was then hydrolyzed to the 

corresponding amide function (4a-g) by treatment with concentrated sulfuric acid. 

Spirocyclization was then performed with dimethylformamide dimethyl acetal (DMF-DMA), 

which resulted in the generation of the unsaturated intermediates 5a-g. The latter 

derivatives were also screened as mPTP inhibitors to evaluate the effect of the C2-N3 

double bond constraining the 5-membered ring of the bicyclic template. Subsequently, the 

imidazolinone ring was efficiently reduced with NaBH4 to yield the final compounds 6a-g. 

Debenzylation at the N8 position of 6a and 6b was performed via hydrogenation under 

Pd/C catalysis and yielded 7a and 7b, respectively, which were employed as key 

intermediates for the selective functionalization of the N8 position. Specifically, the 

sulfonamide derivatives 1 and 8-12 were obtained by treatment of 7a-b with appropriate 

sulfonyl chlorides, while N8 acetylation (13) or benzoylation (14) was achieved by standard 

treatment with acetic anhydride or benzoylchloride, respectively. In addition, the urea 

derivatives 15-16 and the thiourea 17 were prepared from 7a and the properly substituted 

isocyanates or isothiocyanates.  
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Figure 18. Synthesis of PP11 and related spiro bicyclic derivatives. 



35 

 

To investigate the effectiveness of the new, synthesized PP11 analogs against mPTP 

opening, we used the mitochondrial swelling assay as previously described (205); this 

protocol is faster than microscopy analysis for the screening of multiple compounds. It 

was confirmed that PP11 significantly inhibited mPTP opening both with calcein-cobalt 

assay and mitochondrial swelling assay (Figures 14D and 19B). To demonstrate 

specificity in measuring Ca2+-induced mPTP opening, we added two positive controls, 

CsA and ruthenium red (RR), a known mPTP inhibitor and a mitochondrial calcium uptake 

blocker, respectively. Freshly isolated mouse liver mitochondria were first evaluated to 

ensure high purity (Figure 19A) and were then stimulated with 500μM Ca2+, and 

absorbance at 540 nm, at which a decrease was indicative of swelling, was monitored for 

10 minutes (Figure 19B, C). Under these conditions, mitochondria treated with vehicle 

exhibited marked membrane swelling (red bar), which was significantly prevented by 

pretreatment with 1μM CsA and 5μM RR (green and blue bars, respectively). As shown in 

Figure 19B, most of the small molecules showed good inhibitory potential compared to the 

control mitochondrial sample (red bar). In particular, compounds 5c, 6g and 10 were 

significantly more potent than PP11 in inhibiting mPTP opening. Additional details are 

shown in panel 19D, including the mean percentages of mPTP inhibition. Figure 19E 

showed a dose-response for the selected compounds and confirmed that 1μM was the 

lowest dose with the best effectiveness in inhibiting mitochondrial swelling for each 

molecule. 
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Figure 19. Screening of PP11 analogs. 

A: Immunoblot detection of GAPDH (cytosolic marker) and TIM23 (mitochondrial marker) proteins 

in the homogenate (H) of the whole liver and in the mitochondrial (Mito) fraction. 

B: Mitochondrial swelling assay for the screening of compounds in freshly isolated mouse liver 

mitochondria. Data were obtained by recording changes in absorbance (540 nm), and then, the 

data were converted into percentages. Black bar: untreated and unstimulated mitochondria; red 

bar: untreated mitochondria stimulated with 500μM Ca
2+

; green bar: pretreatment with 1μM CsA 

and stimulation with 500μM Ca
2+

; blue bar: pretreatment with 5μM RR and stimulation with 500μM 

Ca
2+

; cyan bar: pretreatment with 1μM PP11 and stimulation with 500μM Ca
2+

; and white bars: 

pretreatment with 1μM PP11 analogs and stimulation with 500μM Ca
2+

. Red arrows indicate the 

three selected compounds. 
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C: Kinetics and statistical data from the mitochondrial swelling assay for the vehicle, CsA, RR, 5c, 

6g and 10 experimental conditions. 

D: Mean percentages of mPTP inhibition with the tested compounds. 

E: Dose-responses for the 5c, 6g and 10 compounds. One-way ANOVA was used for statistical 

analysis; *: p value<0.05; **: p value<0.01; CsA: cyclosporine A; RR: ruthenium red. 

 

4. Biological profile of the most promising compounds. 
 

Overall, mPTP assays revealed a set of three very potent inhibitors (5c, 6g and 10) with 

the greatest effects on reducing mitochondrial swelling (Figure 19B) compared to PP11. 

Given the crucial role of the c subunit in ATP synthase assembly and cellular energy 

production as a component of the membrane rotor, the basal mitochondrial ATP content 

and agonist-induced ATP production were monitored by the luciferin-luciferase assay 

(206). Treatment of living cells with 1μM PP11 slightly but significantly depleted 

mitochondrial ATP levels in resting conditions (Figure 20A); similarly, the relative amount 

of ATP remained low even upon histamine-induced Ca2+ uptake (207) (Figure 20B).  

 

Figure 20. Biological profile of the most promising compounds. 

A: Mitochondrial ATP content in living cells at resting conditions using the luciferase-luciferin 

method. 

B: Mitochondrial ATP generation upon agonist-induced Ca
2+

 uptake in living cells using the 

luciferase-luciferin method. His indicates 100μM histamine, the agonist used to induce Ca
2+

-

dependent ATP production. 

C: TMRM fluorescence as an index of Δψm changes in living cells. 

D: Mitochondrial calcium uptake in living cells using a mitochondrially-targeted aequorin probe; 

histograms of statistical and representative kinetics data; 100μM histamine (His) addition is 

indicated. 

E: Evaluation of mitochondrial morphology parameters using an mtCHERRY probe. 
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It is not recommended that a compound developed in order to inhibit uncontrolled mPTP 

opening in I/R injury leads to an impairment of ATP basal concentration and production 

after stimulus.  

The PP11 derivatives 5c, 6g and 10 synthesized with various specific chemical groups, 

such as electron withdrawing atoms (Cl) or moieties (CF3) in the aromatic substituents in 

positions 1 and 8 of the spirodecane scaffold, allowed us to successfully overcome this 

drawback and step-limiting factor. Indeed, use of the 6g and 10 inhibitors did not affect 

ATP levels, but treatment with compound 5c induced a small decrease in the basal 

mitochondrial ATP content, which was completely recovered upon Ca2+-induced ATP 

generation (Figure 20A, B). To identify possible side effects of the compounds on living 

cells that may preclude their use in future studies, we evaluated other important 

mitochondrial parameters. Δψm and Ca2+ homeostasis are critical factors for the 

maintenance of physiological functions in cells, including proper respiratory chain function 

and a wide range of intracellular signaling pathways, respectively.  

As shown in Figure 20C and D, pretreatment of cells with the 5c, 6g and 10 inhibitors did 

not affect basal MMP or mitochondrial Ca2+ uptake. Moreover, mitochondrial morphology, 

the number of mitochondria in cells and their network volume were unchanged (Figure 

20E).  

In addition, the results previously described were further confirmed by the 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which showed that 

treatment of living cells with micromolar concentrations of 5c, 6g and 10 for 24 h and 48 h 

did not induce significant MTT reduction compared with treatment with vehicle (Figure 

20F). Only prolonged (72 h) treatment slightly but significantly decreased cell viability in 

vitro (Figure 20F).  

The permeability transition pore has been postulated to play an important role in 

cytochrome c (CytC) release (188); therefore, we explored the ability of the selected 

compounds to prevent CytC release from mitochondrial cristae. To correlate mPTP 

desensitization with apoptotic cell death prevention, we detected the amount of CytC in 

the cristae of mitochondrial fractions from the mitochondrial swelling assay upon Ca2+ 

stimulation. Pretreatment with 

5c, 6g and 10 prevented CytC 

release and preserved it into 

mitochondria as assessed by 

immunoblot analysis (Figure 

20G).  

 

Figure 21.  Schematic 

representation of PLA assay 

setting. In physiological conditions 

(left), the mitochondrial F1FO ATP 

synthase can form dimers or higher 

order oligomers. In this setting, 

antibodies specific for ATP5H can 

bring + and – PLA probes in 

proximity to each other, allowing for 

rolling-circle amplification of a detectable DNA product. In the course of MPT (right), as F1FO ATP 

synthase dimers dissociate, the distance between + and – PLA probes conjugated to ATP5H-

targeting antibodies is excessive for rolling-circle amplification to occur. In this specific system, 

detection is highly conservative as both the + and the – PLA probes are conjugated with ATP5H-

targeting antibodies, but + and + (or – and –) probes in proximity do not allow for rolling-circle 

amplification.  
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Taken together, these findings demonstrated that inhibition of mPTP opening may inhibit 

CytC release to the cytosol and consequently prevent apoptotic cell death (Figure 22E). 

Next, to understand the molecular mechanism by which the selected compounds inhibit 

mPTP complex activity, we used a previously tested proximity ligation assay (PLA)-based 

procedure (75) to verify the F1FO ATP synthase dimerization grade in living cells. Vehicle-

treated cells exhibited a considerable amount of reddotted staining that colocalized with 

the mitochondrial protein translocase of outer mitochondrial membrane 20 (TOM20). We 

showed the F1FO ATP synthase dimerization status via a PLA intensity profile upon 

ionomycin administration alone or in the presence of small-molecule inhibitors. As recently 

published by our lab, the MPT was accompanied by a significant decrease in the PLA 

signal following 1μM ionomycin treatment; however, the MPT did not occur with the same 

intensity in the presence of 1μM 5c, 6g and 10 (Figure 20H). These findings suggest that 

mPTP desensitization by the synthesized compounds is correlated with stabilization of 

F1FO ATP synthase dimers. 

 

Figure 20. F: MTT assay in living cells to evaluate the toxicity of compounds at 24 h, 48 h and 72 h 

and at different concentrations. Black bar: cells treated with vehicle; and green bar: 1μM 

compound; yellow bar: 5μM; red bar: 10μM. The data were standardized to the vehicle condition. 

G: Immunoblot detection of cytochrome c in both mitochondrial cristae and respiration buffer from 

the mitochondrial swelling assay. HSP60 was used as a mitochondrial marker, and GAPDH was 

used as a cytosolic marker. 

H: PLA-based assay for assessment of the ATP synthase dimerization status. Blue: nuclei by DAPI 

detection; green: mitochondria by TOM20 detection; red spots: ATP5H detection as described in 

the methods.  
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5. Cardioprotective effect of compound 10 in a model of reperfusion injury. 
 

Considering the ability of these inhibitors to desensitize mPTP opening (Figure 19B) by 

stabilizing ATP synthase dimers (Figure 20H) and prevent CytC release (Figure 20G) 

without affecting long-term cell viability (Figure 20F) and the mitochondrial ATP content 

(Figure 20A, B), we investigated the effects of compound 10 in an animal model of cardiac 

reperfusion injury. We isolated beating rat hearts and placed them in a Langendorff 

system, which was continuously perfused with Krebs-Henseleit buffer (KHB) bubbled with 

oxygen at 37°C. The ex vivo protocol included stabilization of the heart for 20 min, and 

then, retrograde perfusion was progressively stopped to induce 30 min of global ischemia 

followed by 1 hour of reperfusion (Figure 22A). After stabilization, the left ventricular 

developed pressure (LVDP) was 89.8±3 mmHg in the I/R vehicle group. Following 

reperfusion, the LVDP decreased to 66±5 mmHg, with a mean reduction of 36±9%, 

indicating successful induction of ischemia (as previously reported in (208)). No difference 

in LVDP was identified among the experimental groups during stabilization. As indicated 

in figure 22A, compound 10 was administered in the reperfusion phase during the first 10 

minutes of reflow. The dose of 10μM of compound 10 was selected based on previous 

experiments to identify the highest dose that could be perfused in the heart without toxicity 

(data not shown). In isolated hearts, perfusion with a constant volume of derivative 10 

resulted in decreases in coronary perfusion pressure (CPP) (-17.5±3.4%) and end-

diastolic pressure (EDP) (-72±9.86%) (Figure 22B, D) with an increase in LVDP 

(+36.4±3.9%) (Figure 22C), indicating reduced diastolic stiffness, vasoconstriction and 

deterioration of myocardial performance, respectively. 

Figure 22. Beneficial effects of compound 10 in a cardiac reperfusion injury model. 

A: Diagram depicting the standard Langendorff ex vivo protocol. 

B: Coronary perfusion pressure recording of a rat heart in the stabilization, ischemia and 

reperfusion phases. Compound 10 is used at a concentration of 10μM. 

C: Left ventricular peak developed pressure recording of a rat heart in the stabilization, ischemia 

and reperfusion phases. 

The green bar in panels A-D indicates vehicle or compound administration time. 
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Figure 22. D: End-diastolic pressure recording of a rat heart in the stabilization, ischemia and 

reperfusion phases. 

E: TUNEL assay for apoptosis evaluation under experimental conditions and representative 

images. Red: nuclei detected by TO-PRO; green: apoptotic nuclei detected by TUNEL enzyme. 

**: p value<0.01; and ****: p value<0.0001.  

 

At the end of the procedure, cell death was analyzed in the hearts by terminal 

deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assays. In the I/R+vehicle 

group, 64% of the cardiomyocytes were TUNEL-positive; however, the number of TUNEL 

positive cardiomyocytes was significantly reduced in the presence of spiro derivative 10 

(Figure 22E). These findings confirmed the ability of c-ring-targeting agents to inhibit 

mPTP opening and to protect against cell death in an ex vivo animal model of cardiac 

reperfusion injury. 
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Discussion 
 
Myocardial infarction is an ischemic heart disease in which mPTP opening is widely 

accepted as a crucial step in the development of myocardial damage, which is better 

known as ischemia-reperfusion injury (209). Since up to 50% of the final infarct size is due 

to I/R injury, targeting the mPTP complex may be a valuable pharmacological adjunct to 

reduce infarct size. Currently, although satisfying results have been achieved in in vitro 

and in vivo animal models, manipulation of the PTPC and, more generally, mitochondrial 

targeting do not appear to influence the mortality of affected patients, but they reduce 

hospital readmission for heart failure (118). Instead, drugs with a broad-spectrum 

mechanism of action are currently utilized in clinical practice (119). The apparent lack of 

translational value among mitochondrial-targeting drugs can be ascribed first to limited 

knowledge regarding the exact molecular structure of mPTP; therefore, the appropriate 

mitochondrial target possibly has not yet been considered. Second, the multifactorial 

nature of MI should be considered, and the adoption of combined strategies targeting 

multiple intracellular signaling pathways is always recommended (210). Based on our 

previous studies on the role of the c-ring in mPTP opening (36), (75) and to validate a new 

pharmacological approach for the treatment of I/R-related damage, in this project, we 

describe the discovery, optimization and SAR studies of the first small-molecule mPTP 

opening inhibitors that target the c subunit of the F1FO ATP synthase complex. To the best 

of our knowledge, this is the first attempt to inhibit the mPTP by targeting the eukaryotic c 

subunit of ATP synthase using novel small molecules for therapeutic purposes. Indeed, 

treatment during reperfusion with one of the most promising screened compounds (10) 

showed beneficial effects in an ex vivo model of MI, with a reduction of apoptotic cell 

death upon I/R injury (Figure 22E). The decreases in CPP and EDP (Figure 22B, D) with 

an increase in LVDP (Figure 22C) in the isolated heart reflected significant reductions in 

diastolic stiffness, vasoconstriction and deterioration of myocardial performance. 

Moreover, the ex vivo beneficial effects of compound 10 together with strong inhibition of 

mPTP opening by the selected compounds in vitro can be achieved without altering 

mitochondrial parameters (Figure 20A-E) or short-term toxicity in living cells. Indeed, 

these compounds weakly but significantly disrupted cell viability only with 72 h of 

treatment (Figure 20F). The compounds were derived using the scaffold of the known c 

subunit inhibitor oligomycin A; we first identified PP11, a compound with a strong 

desensitization effect on mPTP opening (Figure 14D) and an inhibitory effect comparable 

to that of oligomycin A, but it is functionally active at a tenfold lower concentration (Figure 

14D). The increased performance at lower concentrations can be ascribed to its better 

localization to the mitochondrial compartment (Figure 16), the putative site of action, as 

assessed by HPLC-HRMS. 

Indeed, PP11 accumulates exclusively in the pure mitochondrial fraction (Figure 15 and 

16) without detectable traces in other subcellular compartments. In contrast, although 

oligomycin A is present in the mitochondrial compartment where it exerts known biological 

effects, a significant amount diffuses into the cytoplasm and ER organelles (data not 

shown), likely lowering its potency and conferring a better drug-like profile to PP11. In 

addition, given its effectiveness in targeting the c subunit for mPTP inhibition (36), (75), 

(82) and the exclusive mitochondrial localization of its ligand, PP11 (and derivatives) use 

led to fewer side effects compared to other known mPTP inhibitors, such as CsA. Indeed, 

CsA off-target effects (211), (212) are derived from a diffuse intracellular localization 

pattern characterized by cytosolic (211), (212) and nuclear interactions (213), thus 

prompting research on alternative methods to target the mPTP. Criticism could arise from 
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the use of putative ATP synthase disruptors as ligands of the membrane rotor 

components, as confirmed here by the suboptimal effect of PP11, a preliminary derivative 

of oligomycin A, on the mitochondrial ATP content (214). Indeed, although PP11 is 

considered a good mPTP opening inhibitor (Figure 14D), it has a slight deleterious effect 

on the production of basal ATP (Figure 20A); however, this effect is reduced upon Ca2+-

dependent stimulation in the mitochondria (Figure 20B). When designing PP11 

derivatives, we tried to evaluate different chemical modifications at several positions of the 

parent compound to identify possible structural determinants that can abolish any 

undesired effects. Among the most promising compounds screened in Figure 19B, 6g and 

10 did not affect the basal mitochondrial ATP content; only compound 5c promoted a 

small decrease in the basal mitochondrial ATP content, which was completely recovered 

upon Ca2+-induced ATP generation. A possible explanation for such experimental 

evidence may be faster reversibility of the interaction of 6g and 10 with the postulated 

cellular target compared to PP11. The main findings of this work are consistent with those 

of our previously published studies and those of independent groups (37), (81), (82), (215) 

confirming the importance of the roles of i) the c-ring as a core component in mPTP 

activity and ii) the dimer versus monomer transition of ATP synthase linked to the mPTP 

and the resulting apoptotic cell death. Indeed, a PLA-dedicated assay suggested dimer  

stabilization upon Ca2+-triggered mPTP opening when cells were pretreated with the 5c, 

6g and 10 compounds (Figure 20H) as a molecular mechanism by which these inhibitors 

may exert anti-apoptotic effects. We are aware that our data appear to disagree with the 

hypothesis from Walker JE’s group on the persistence of the MPT in a cell clone lacking 

the c subunit of human ATP synthase (85); however, as a very exhaustive commentary on 

this discrepancy explains (216), in the absence of the primary mechanisms in mPTP 

opening (e.g., c subunit expression), the MPT can presumably occur through other 

pathways involving misfolded proteins of the mitochondrial membrane (216), (217).  

In conclusion, we propose small-molecule c subunit inhibitors as a new pharmacological 

approach for the treatment of I/R injury.  
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Future perspectives 
 

Future perspectives will be oriented towards the study of ATP synthase conformational 

changes (if detectable) in terms of modulation of its dynamic assembly into 

supercomplexes upon inhibitor treatment (for instance, by using native gels) and 

understanding the exact binding sites between inhibitors and mitochondrial proteins. 

Photoaffinity labeling of the most promising compounds identified here may lead to useful 

tools that will facilitate future binding site deconvolution studies, advancing structure-

based drug design approaches in this field. 

Furthermore, with the aim to understand which aminoacid is involved in c subunit-

inhibitors interaction it will be a good approach to perform a mutagenesis study of c 

subunit sequence, creating point mutations supposing that amino acids involved may be 

the same or close to those participating in oligomycin bound to ATP synthase detected in 

yeast. 

Finally, it must be very useful and interesting to search if these mutations are involved in 

potential pathologies in order to find an additional therapeutic implication of the use of 

these compounds.  

Obviously, the development of these inhibitors has to be implemented with in vivo studies, 

in order to confirm the protective activity after I/R also in animal models before to progress 

to clinical studies.   
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Materials and methods  
 

Chemistry  
Reaction progress and product mixtures were monitored by thin-layer chromatography 
(TLC) on silica gel (precoated F254 Macherey-Nagel plates) and visualized with a UV 
lamp (254 nm light source). The organic solutions from extractions were dried over 
anhydrous sodium sulfate. Chromatography was performed on Merck 230−400 mesh 
silica gel or using Isolera One (Biotage Sweden). 1H, 13C, DEPT, bidimensional 
(gCOSY), and heterocorrelated (gHMQC, gHMBC) NMR spectra were recorded on a 
VARIAN Mercury Plus 400 MHz spectrometer. Chemical shifts (δ) are reported in parts 
per million (ppm) using the peak of deuterated solvents as an internal standard, and 
coupling constants (J) are reported in Hertz. Splitting patterns are designed as follows: s, 
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; and b, broad. Melting points for 
purified products were determined in a glass capillary on a Stuart Scientific electrothermal 
apparatus SMP3 and are uncorrected. Mass spectra were recorded by an ESI single-
quadrupole mass spectrometer Waters ZQ 2000 (Waters Instruments UK). For analytical 
controls, Beckmann System Gold 168 HPLC was used with an LC column Kinetex 5-μm 
EVO C18 100 Å (250 × 4.6 mm) and a variable-wavelength UV detector fixed to 220 nm. 
The analysis was conducted using two solutions, A and B, containing 100:0.1 H2O:TFA 
and 40:60:0.1 H2O:CH3CN:TFA, respectively, with a gradient elution of 0−50% solution B 
over 30 min. The purity of all compounds was determined by HPLC and was greater than 
95%. LC-HRMS analysis of crude mitochondria and cytosol of PP11-treated cells and final 
compounds was performed with an ESI-Q-TOF Nano HPLC-CHIP Cube Agilent 6520 
instrument (Agilent Technologies USA) using a linear gradient (0.4 μL/min) from 0% 
solvent A (97% water/3% acetonitrile/0.1% formic acid) to 80% solvent B (97% 
acetonitrile/3% water/0.1% formic acid) over 10 min and from 80% to 5% solvent B over 5 
min using a Zorbax C18 
Column (43 mm × 75 μm, 5 μm) equipped with an enrichment column (4 mm, 40 nL). The 
UPLC-MS analysis was performed in an Acquity UPLC equipped with a triple-quadrupole 
mass spectrometer XEVO-TQD (Waters UK). Chromatographic separation was carried 
out using a BHE C18 column (50 mm × 2.1 mm i.d. 1.8 μm) from Waters (Waters, Milford, 
USA) heated at 40 °C. The mobile phase consisted of water with 0.1% formic acid 
(solvent A) and acetonitrile with 0.1% formic acid (Solvent B). An 8 min gradient elution at 
0.3 mL/min was performed as follows: from 100% solvent A to 80% solvent A over 4 min, 
from 80% A to 20% A over 2 min, and from 20% A to 0% A over 2 min. Mass 
spectrometric detection was carried out using an electrospray interface (ESI) operated in 
positive ionization mode with multiple reaction monitoring (MRM) for the PP11 analyte. 
Nitrogen was used as a desolvation gas at a 650 L/h flow rate with the desolvation 
temperature set at 200 °C and the source temperature set at 150 °C. The collision gas 
(argon) flow was set at 0.1 mL/min. The capillary voltage was set at 4 kV; the collision 
energy and con voltage were optimized to maximize the signal corresponding to the major 
transition observed in the MS/MS spectra following fragmentation of the [M + H]+ ion 
corresponding to the PP11 molecule. 
 

Cell culture and transient transfection  
HeLa cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Euroclone) 
supplemented with 10% fetal bovine serum (FBS, Gibco™, Thermo-Fisher), in 75-cm2 
flasks (Corning). All cells were maintained at 37°C and 90% relative humidity in 5% CO2. 
Before transfection, cells were seeded onto 13-mm glass coverslips for intracellular Ca2+ 
measurements and onto 24-mm glass coverslips for microscopic analysis. Next, plasmid 
transfections with Lipofectamine 2000 (Thermo-Fisher) were performed. All experiments 
were performed 24 h after transfection. In experiments involving compounds cells were 
pre-treated for 15 min in complete medium.  
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Calcein−Cobalt Assay  

HeLa cells were pretreated with DMSO (vehicle), 10μM oligomycin A, 1μM CsA, or 1μM 
PP11 and then loaded with 1μM calcein acetoxymethyl ester (Thermo-Fisher) and Co2+ as 
described in Bonora et al. of 2016 (34). Staining solution was added to the cells for 15 min 
at 37 °C in a 5% CO2 atmosphere. Image acquisitions were performed with a motorized 
Olympus IX81-ZDC inverted microscope with a 40 × /1.30-N.A. UPlanFLN oil-immersion 
objective and Cell MT20E xenon lamp. Ionomycin (1μM, Sigma-Aldrich) was administered 
30 sec after the beginning of the experiment to induce mPTP opening. Finally, images 
were analyzed and quenching rates were determined as the slopes of the fluorescence 
trace over a period of 60 sec post-stimulation.  
 

Mitochondrial Isolation and Swelling Assay 
Mitochondria were isolated by conventional procedures involving differential 
centrifugation. Freshly excised SV129 mouse livers were washed and then homogenized 
in medium containing 50 mmol/L Tris-HCl, 25.67 g/L sucrose, and 40.98 g/L D-Mannitol 
(pH 7.4) supplemented with 0.5 mmol/L EGTA and 5 g/L bovine serum albumin (BSA, 
Sigma-Aldrich). The homogenate was then transferred to microcentrifuge tubes and 
centrifuged at 0.8 rcf for 5 min for at least 2 cycles; the supernatants were collected, and 
the pellets were discarded. Subsequently, the sample was centrifuged at 10.0 rcf for 10 
min to separate the mitochondrial fraction; the pellet was resuspended and ground in a 
loose-fitting glass Potter Elvehjem omogenizer for a fixed number of times. Samples were 
then centrifuged at 10.0 rcf for 10 min, and the pellet (mitochondria) was resuspended in 1 
mL of Respiration Buffer (pH 7.4, Tris-HCl 50 mmol/L; 25.67 g/L sucrose; 40.98 g/L D-
Mannitol) supplemented with 5 mmol/L succinate. Mitochondria were quantified and 
diluted to a final concentration of 1 mg/mL for each mitochondrial swelling assay to 
monitor the changes in absorbance at 540 nm as previously described. Incubations with 
small molecules were carried out at 25 °C, and mPTP opening was induced by the 
addition of 500μM Ca2+.  
 

Immunoblotting 
Immunoblotting was performed to prove purity of the homogenate of the whole mice liver 
and to quantify the amount of cytochrome c release after compounds treatment.  
Thereafter, protein extracts (15 μg/lane) were separated on precast 4-12% SDS-PAGE 
gels (Bio-Rad), electrotransfered onto nitrocellulose membranes and probed with 
antibodies specific for GAPDH (Cell Signaling) as cytosolic marker, TIM23 (BD 
Biosciences) or HSP60 (Cell Signaling) as mitochondrial markers, Cytochrome c (BD 
Biosciences) as signal of mPTP opening and apoptosis induction. Finally, membranes 
were incubated with appropriate HRP-labeled secondary antibodies (Thermo-Fisher). A 
conventional chemiluminescent substrate (Bio-Rad) and the ImageQuant LAS 4010 were 
employed for detection. 
 

Luciferase−Luciferin Method 
HeLa cells expressing a mitochondrially-targeted variant of the Photinus pyralis luciferase 
were perfused with a modified Krebs–Ringer buffer containing 125 mM NaCl, 5 mM KCl, 1 
mM Na3PO4, 1 mM MgSO4, 1 mM CaCl2, 20 μM luciferin, and 20 mM HEPES buffer (pH 
7.4) at 37°C, and luciferin-dependent luminescence was monitored in basal condition and 
after agonist-induced Ca2+ uptake, with a customized luminometer (Elettrofor), as 
previously described (218). 
 

Mitochondrial parameters measurements 
Δψm was assayed as described in Bonora et al. of 2016 (34). Briefly HeLa cells were 
loaded with 1nM TMRM (Thermo-Fisher) in Krebs-Ringer buffer supplemented with 250 
μM sulfinpyrazone, then placed in a humidified chamber at 37°C and imaged with a 
LiveScan Swept Field Confocal Microscope (Nikon Instruments, Inc.) equipped with a 60× 
oil immersion (N.A. 1.4, from Nikon Instruments, Inc.) every 30 sec for 30 min. TMRM 
fluorescence was analyzed by means of the NIS Elements software package (Nikon 
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Instruments, Inc.), and depolarization rate were calculated as the slope of the 
fluorescence trace over a period of 10 min after stimulation. 
For mitochondrial Ca2+ uptake measurements, for mtAEQmut at 24 h post-transfection, 
the coverslips were incubated with 5μM coelenterazine for 1.5 h in Krebs-Ringer modified 
buffer (KRB) supplemented with 1mM CaCl2 (KRB: 125mM NaCl, 5mM KCl, 1mM 
Na3PO4, 1mM MgSO4, 5.5mM glucose, and 20mM Hepes, pH 7.4, at 37°C). Aequorin 
signals were measured in KRB supplemented with either 1mM CaCl2 using a purpose-
built luminometer. The agonist (histamine at 100μM) was added to the same medium. The 
experiments were terminated by lysing the cells with Triton X-100 (Sigma-Aldrich) in a 
hypotonic Ca2+-rich solution (10mM CaCl2 in H2O), thus discharging the remaining 
aequorin pool. The light signals were collected and calibrated with [Ca2+] values.  
Mitochondrial morphology was assayed as described in Bonora et al. of 2016 (34). Briefly, 
HeLa cells expressing a mitochondrially-targeted variant of mCherry, were imaged with an 
IX-81 automated epifluorescence microscope (Olympus) equipped with a 60X oil 
immersion objective (N.A. 1.35, from Olympus) and an ORCA-R2 CCD camera 
(Hamamatsu Photonics K.K.). Selected cells were followed over time, and z-stacks were 
subjected to digital deconvolution by means of a Wiener deconvolution filter and a 
theoretical point-spread function provided by the Xcellence software package (Olympus). 
GFP+ objects were quantified with the “3D object counter” plug-in of the open-source Fiji 
software (freely available at http://fiji.sc/), whereas 3D representations were obtained with 
the “3D Viewer” plug-in. 
 

MTT assay 
Cells were treated for 3 h at 37 °C with 0.5 mg/ml Thiazolyl Blue Tetrazolium Blue (MTT, 
Sigma-Aldrich) solution; after this incubation MTT solution was removed and was added 
extraction solution (90% isopropanol, 10% DMSO), extraction was at 37 °C for 15 min. 
After this passage the absorbance of the formazan solution is read spectrophotometrically 
at 570 nm. 
 

Proximity Ligation Assays  
Cells were fixed in 4% PFA for 10 min at 37 °C, washed in PBS, placed in a jar containing 
1 mmol/L EDTA buffer (pH 8.0) for 20 min at 100 °C (to improve epitope antibody 
binding), and then placed at room temperature for an additional 10 min. Then the cells 
were permeabilized with 0.05% Triton X-100 for 10 min at 37 °C, and unspecific binding 
sites were blocked by incubating the cells in 0.05% Triton X-100 supplemented with 2% 
BSA for 45 min at 37 °C. Upon overnight incubation with ATP5H-specific antibodies that 
were previously conjugated to + or − PLA oligonucleotide probes per the instructions of 
the Duolink In Situ Probemaker kits (Sigma-Aldrich), detection was performed as follows. 
A ligation−ligase solution was added to each sample for 30 min at 37 °C followed by 2 
washes for 2 min each with Duolink In Situ Wash Buffer A; an amplification-polymerase 
solution was added and incubated for 100 min at 37 °C followed by 2 washes for 10 min 
each with 1× Duolink In Situ Wash Buffer B and 1 wash for 1 min with 0.01× Duolink In 
Situ Wash Buffer B. Cells were fixed again in 4% PFA for 10 min at 37 °C and then 
blocked in 0.05% Triton X-100 supplemented with 2% BSA for 10 min at 37 °C. Finally, 
the samples were incubated overnight with primary anti-TOM20 (Cell Signaling) antibody, 
and the next day, the primary antibodies were revealed by incubation with the appropriate 
goat anti-rabbit Alexa Fluor 488 secondary antibody (Thermo-Fisher). The slides were 
then stained with Duolink In Situ Detection Reagent Red and mounted using DAPI-
containing Duolink In Situ Mounting Medium. Protein proximity was evaluated on an 
Axiovert 200 M fluorescence microscope equipped with a 40× water immersion objective 
(N.A. 1.2, from Carl Zeiss Microscopy, LLC) as a function of mitochondrial-localized red 
signal intensity. 
 

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay  
After I/R experiments through Langendorff model hearts are frozen and sectioned by a 
cryostat and stored at -20°C. After defreezing heart slices are fixed with 4% PFA for 20 
min at RT, washed 3 times with PBS and permeabilized with 0.1% Triton X-100 in milliQ 
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water for 20 min at RT. After 3 washes slices are incubated for 1h at 37°C with TUNEL 
reaction mixture, made of label solution and enzyme solution (DNase I recombinant, 
grade I, 1000U/ml) that works in condition of 50mM Tris-HCl, pH 7.5, 10mM MgCl2 and 
1mg/ml BSA. 3 more washes precede the addition of TO-PRO diluted 1:25000 for 10 min 
at RT, after this passage there are washes too. Slices were imaged with an IX-81 
automated epifluorescence microscope (Olympus) equipped with a 60X oil immersion 
objective (N.A. 1.35, from Olympus) and an ORCA-R2 CCD camera (Hamamatsu 
Photonics K.K.). 
 

Statistical Analysis  
The statistical method included one-way ANOVA with multiple comparisons performed by 
GraphPad Prism. P values are reported in the figure legends. 
 

Ex Vivo Model  
I/R was studied ex vivo using the Langendorff model with minor modifications (75). In 
brief, upon euthanasia, the hearts of Wistar rats weighing 270−280 g at inclusion into the 
study were rapidly excised, immediately arrested in ice-cold KHB (pH 7.4; 4°C), 
cannulated, and retrograde perfused at a fixed-flow rate (11 mL/min) through the aorta 
with warm KHB (37 °C) bubbled with 95% O2 and 5% CO2. Upon removal of the left atrial 
appendage, a latex fluid-filled balloon was inserted into the left ventricular chamber 
through the atrium to obtain an  isovolumetrically beating preparation and connected to a 
pressure transducer (APT300, Hugo-Sachs, Grünstrasse, Germany) by a fluid-filled 
polyethylene catheter to monitor performance. An additional transducer above the aortic 
cannula monitored the CPP. At the start of each experiment, the fluid in the balloon was 
increased incrementally to achieve a constant EDP of 4 ± 1 mmHg. The LVDP was then 
measured. The LVDP, EDP, and CPP were continuously recorded using a programmable 
acquisition system (HSE Isoheart Software for Isolated Heart, Hugo-Sachs, Grünstraße, 
Germany). 
 
 

 
Figure 23. A Langendorff-perfused mouse 
heart. During the perfusion protocol, the heart 
would normally be immersed in an organ bath.  
a: thermal couple for continual temperature 
monitoring;  
b: intraventricular balloon inserted in the left 
ventricle and mounted on a 21-gauge non-bevelled 
needle;  
c: a micromanipulator which helps placing and 
keeping the balloon in the left ventricle;  
d: one end of the non-pliable tubing that provides 
the hydraulic line to a pressure transducer 
mounted at the same height as the heart;  
e: a 2 way tap placed between the bubble trap and 
the cannula, which serves to switch off the buffer 
during global ischemia (208). 
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Chapter 2. 
 

Permeability Transition Pore function correlates with 
reperfusion damage in STEMI patients and a novel 

nucleotide transition in C subunit genes is associated to 
increased cell death at reperfusion time 

 

Abstract  
 

In vitro and pre-clinical models have demonstrated the deleterious effects of mitochondrial 

Permeability Transition Pore (mPTP) opening in the first few minutes upon reperfusion, 

becoming a key player in the acceleration of the injury process.  

According to this, targeting mPTP might be a valid adjuvant strategy to counteract the 

reperfusion damage. Hitherto, no evidences are present in a clinical scenario.  

Recent studies hypothesized that one of the pore-forming proteins of the mPTP is the FO 

ATP synthase c subunit. Its circulating levels had been found to be associated with 

surrogate endpoints of myocardial reperfusion in patients with ST-segment elevation 

myocardial infarction (STEMI).  

No data about genetic determinants in c subunit have ever been related to reperfusion 

injury in patients with MI. Overall in this project, the CROFT clinical study showed how 

mPTP activity measured in fibroblasts significantly correlates with that monitored in 

myocytes from the same patient, so in those conditions where cardiac biopsies are 

impossible to be taken, mPTP function in fibroblasts from STEMI patients may be 

predictive of the mPTP activity in myocytes.  

Moreover, for the first time we provided a proof of mPTP correlation to reperfusion injury 

developed upon MI in patients. In addition, a new polymorphism found in ATP5G1 gene 

encoding for c subunit in two STEMI patients was responsible for worsening reperfusion 

injury in vitro. 
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Riassunto 
 

Sia modelli in vitro che preclinici hanno dimostrato l’effetto deleterio dell’apertura 

dell’mPTP nei primi minuti dopo la riperfusione, giocando un ruolo chiave 

nell’accelerazione del processo di danno tissutale.  

In accordo con ciò, colpire il mPTP può essere una valida strategia adiuvante per 

contrastare il danno da riperfusione. Fino a questo momento infatti, non ci sono evidenze 

nello scenario clinico dell’infarto del miocardio.  

Studi recenti hanno ipotizzato che una delle proteine componenti il poro dell’mPTP è la 

subunità c della porzione FO dell’ATP sintasi. I suoi livelli circolanti sono stati associati con 

endpoints surrogati della riperfusione miocardica in pazienti con infarto miocardico con 

sopraslivellamento del tratto ST (STEMI).  

Non sono mai stati correlati dati sui determinanti genetici nella subunità c al danno da 

riperfusione in pazienti con infarto del miocardio (MI).  

Complessivamente in questo capitolo, lo studio clinico CROFT ha mostrato come l’attività 

dell’mPTP misurata nei fibroblasti correli in modo significativo con quella monitorata nei 

cardiomiociti dello stesso paziente, in questo modo in quelle condizioni in cui le biopsie 

cardiache sono impossibili da ottenere, la funzione dell’mPTP nei fibroblasti di pazienti 

STEMI può essere predittiva dell’attività dell’mPTP nei cardiomiociti.  

Inoltre, per la prima volta abbiamo dimostrato una correlazione tra l’mPTP e il danno da 

riperfusione dopo infarto in pazienti. In aggiunta, un nuovo polimorfismo è stato trovato nel 

gene ATP5G1 che codifica per la subunità c in due pazienti STEMI ed è stato associato 

ad un peggioramento nel danno da riperfusione in vitro.  
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Results 
 

1. Skin fibroblasts are an alternative model to study mPTP in patients 
affected by cardiovascular diseases. 

 
Obtaining heart samples or myocytes for cardiovascular research purposes is extremely 

difficult and sometimes impossible, also considering the progressive development of mini-

invasive or percutaneous procedures. To provide for the first time an alternative and 

feasible way to obtain information on mPTP function in cardiovascular diseases (i.e., MI), 

we performed a pilot study (named CROFT) involving 16 patients undergoing cardiac 

surgery (Figure 24a) from which we collected both cardiomyocytes and fibroblasts from 

left atrial appendage and skin biopsies at the level of surgery access, respectively. In 

these samples, we performed mPTP functional analysis by analyzing Δψm under Ca2+- 

and oxidative stress-dependent conditions as previously published (134), (34) (Figure 

24b). Interestingly, we reported first, an important variability in the mPTP opening among 

patients (p < 0.0001 as result from ANOVA test applied to both fibroblasts and myocytes 

measures, Figure 24b) and second, a significant correlation between mPTP activity 

measured in fibroblasts and that recorded in myocytes of the same patient (Spearman’s r 

= 0.51, p = 0.04, Figure 24c). Overall, as showed in Figure 24d, patients with lower mPTP 

activity recorded in fibroblasts (mPTP value below the median) have also a lower mPTP 

activity in myocytes compared to the others. Taken together, these data suggest an 

interesting variability in the mPTP function among different individuals and confirm that 

fibroblasts obtained from skin biopsy are a feasible model to obtain crucial information on 

the mPTP function in patients (i.e., MI). 

 

a 
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Figure 24. Study A: results from 
CROFT clinical study. 
a: table containing statistics and 

information on the 16 patients enrolled 

in the CROFT study.  

b: Δψm assay by the use of TMRM 

probe in both myocytes (red) and 

fibroblasts (blue) from the same 

patients.  

c: graph showing the correlation (as 

Spearman’s r) between Δψm measured 

in both myocytes and fibroblasts for 

each patient of the 

CROFT study.  

d: stratification of 

mPTP function 

measured in myocytes 

according to 

fibroblasts mPTP 

median value. 

P values reported next 

to the legend of the 

graph in b refer to the 

ANOVA test 

performed first, among mPTP measures in fibroblasts (blue rectangle) and second, to those of 

myocytes (red rectangles). 

 

Figure 25. Study B: 

Study population for 

mPTP function and 

reperfusion damage 

tests, stratified 

according to median 

value of myocardial 

salvage index. 

OS: onset of symptoms. 

FMC: first medical contact. 

SBP: systolic blood 

pressure.  

HR: heart rate.  

LAD: left anterior 

descending.  

MVD: multivessel disease. 

RVD: reference vessel 

diameter.  

MLD: minimal lumen 

diameter.  

WMSI: wall motion score 

index.  

LVEF: left ventricle ejection 

fraction.  

ACE: angiotensin II 

converting enzyme. 

 

b 

c d 
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2. mPTP activity is significantly related to reperfusion injury in STEMI 
patients. 

 
Supported by the evidences of previous data (Figure 24), we conducted a second pilot 

study in a cohort of 14 patients with anterior MI undergoing primary PCI (Figure 25 and 

Methods for details) with the aim to investigate the correlation between mPTP activity and 

the so-called reperfusion damage. Thus, skin biopsies from the forearm of patients have 

been used to obtain fibroblasts for functional analysis and cardiac magnetic resonance 

imaging (cMRI) was performed to assess reperfusion damage. Figure 26 a and b reported 

mPTP opening in fibroblasts for each STEMI patient as evaluated by both calcein-cobalt 

and TMRM techniques under Ca2+- and ROS-dependent conditions, respectively. For a 

better understanding of mPTP variations among individuals, in panel c we reported 

representative kinetics for both ID4 (hyper-responsive mPTP) and ID30 (hypo-responsive 

mPTP) patients.  

 

Figure 26. Correlation between mPTP function and reperfusion damage in STEMI patients. 

a: calcein-cobalt quenching assay in fibroblasts from skin biopsy of STEMI patients where mPTP 

activity is reported as slope of the kinetics following ionomycin administration, as indicated.  

b: Δψm in the same cells of a by using TMRM assay; it is reported as slope of the kinetics following 

hydrogen peroxide administration, as indicated.  

c: representative kinetics on the difference in mPTP activity between two STEMI patients: ID4 and 

ID30 
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d: MSI from cMRI.  

e: graphs explaining correlation between mPTP activity and MSI (on the left) and Δψm and MSI (on 

the right) measured in fibroblasts from STEMI patients; Spearman’s r and p value have been 

reported in the panel.  

f: stratification of mPTP and Δψm values according to MSI median value.  

g: representative cMRI images of two STEMI patients: ID30 with hypo-responsive mPTP opening 

and limited IS (7%), ID4 with hyper-responsive mPTP opening and extensive IS (26%). 

 

At cMRI evaluation, the Myocardial Salvage Index (MSI) has been calculated and reported 

in Figure 26d. We observed a significant correlation between MSI and mPTP activity 

(Spearman’s r = 0.79, p = 0.001) and Δψm (Spearman’s r = 0.71, p = 0.006) values (Figure 

23e). Median value of MSI was 0.44 [0.21-0.55]. We did not observe significant 

differences in baseline characteristics in patients stratified according MSI median value 

(Figure 25). Out of all variables listed in Figure 25, none is related to mPTP activity and 

Δψm values. Overall, in patients with larger reperfusion damage (MSI below the median 

value), we found significantly heightened mPTP activity and Δψm values as compared to 

the others (Figure 26f). Figure 26g showed representative images for cMRI between two 

STEMI patients: ID4 who experienced a hyper-responsive opening of the mPTP (Figure 

26c) owns a final infarct size (IS) of 26%; ID30 who has been subjected to a hypo-

responsive mPTP opening (Figure 26c) owns a final IS of 7% (Figure 26g). Taken 

together these data describe in patients the strong relationship between mPTP activity 

and reperfusion damage and confirmed, in a second cohort of individuals (as for Figure 

24b), the overall inter-subject variability in mPTP function (p < 0.0001 from ANOVA test 

applied to mPTP and Δψm measures). 
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3. A novel nucleotide transition in FO ATP synthase c subunit-encoding 
genes of two STEMI patients is predicted to be probably damaging. 

 
It is known that MI is a multifactorial disease in which both environmental factors and 

genetic profiles play a key role in its development; a given signature of gene expression or 

mutations are already reported to be associated to incident MI or an increased risk of 

cardiovascular death (191), (219). Despite this, 

no genetic links between the mPTP complex and 

the impact on reperfusion injury progression 

have ever been reported in MI. 

Since we recorded differences in mPTP activity 

among individuals (Figure 24b and 26a,b) and 

that c subunit has been found to be an important 

regulator of the mPTP (75), (36), we wondered if, 

in some cases, a hyper- or hypo-responsive 

opening of the mPTP can be determined also by 

genetic alterations in genes encoding for c 

subunit and whether they further contribute to 

reperfusion damage in STEMI patients by 

altering mPTP activity. 

For this purpose, we started to randomly select 

one third (N=52, Figure 27 and Methods for 

details) of STEMI patients from those already 

enrolled in our previous study (140) to perform a 

complete genetic screening for all three 

ATP5G1-3 genes encoding for c subunit of the 

mPTP; results have been summarized in Figure 

28.  

 

Figure 27. Study B: Study population for genetic 

analysis in c subunit encoding genes of mPTP 

 

Figure 28. 

a: Primers’ name and sequences for the amplification of the genes ATP5G1-3. The size of each 

amplicon is reported in base pairs together with the specific annealing temperature.  
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b: Results from next generation sequencing applied to all ATP5G1-3 genes in the study population 

B. 

In detail, we found 23 known polymorphisms and 6 unknown variations (not reported in 

the gnomAD, dbSNP and 1000genomes databases) where, 4 of them fell in non-coding 

genomic regions like introns and 5’UTR and 2 of them were missense mutations. The first 

one was a G>A nucleotide transition found in the exon 3 of the ATP5G1 gene of 2 out of 

52 patients, apparently a very high recurrence considered the little cohort of patients 

analyzed (Figure 29a). This variation led to a missense mutation (a glycine substitution 

with a glutamic acid, G87E) in the exon 3 of the gene at position 87 (ATP5G1G87E). Given 

that the amino acid substitution occurred in an important and highly conserved glycine-rich 

domain of the c subunit coding-sequence (Figure 29b) and that consensus to obtain 

biological samples from those patients took a long time, we first conducted a 

bioinformatics analysis to predict if the variation, once expressed, may induce damaging 

phenotypes in vivo. By querying PolyPhen-2 software (220), it predicted ATP5G1G87E as 
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probably damaging with a score of 0.993 in a scale from 0 to 1 (Figure 29c). To 

consolidate this finding, we investigated other 6 prediction softwares known in the 

literature and all returned similar readouts: once expressed, this mutated protein would be 

probably damaging with a score ranging between 60% and 90% (Figure 29c). Additional 

bioinformatics studies based on the RaptorX web server (221) also predicted that 

ATP5G1G87E would exhibit a structural deformation at the level of the first helix of c subunit 

(Figure 29d). 

 

 

Figure 29. ATP5G1
G87E

 variation alters mPTP activity and cell death pathway during I/R in 

fibroblasts collected from the patient carrying mutation 

a: genetic profile of ATP5G1
G87E

 variation (up) and capillary electrophoresis of the DNA sequencing 

of 2 patients carrying mutation (down): arrows indicate the presence of the variation in 

heterozygosis.  

b: c subunit coding sequence alignment among different species: glycine-rich region has been 

highlighted by 4 red rectangles and the arrow indicate the site of amino acid substitution.  

c: data output from the PolyPhen 2 software (on the left) in which green color indicate the 

probability of a benign variation while the red one damaging. The black line indicates the score 

predicted by the software. On the right, data output of other 6 different predictive softwares (Y axis) 

where red color indicates that the variation is damaging, on the X axis its probability.  

d: data output from the RaptorX software: highlighted the steric hindrance of the amino acid 

substitution.  
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4. ATP5G1G87E expression worsens in vitro mPTP-mediated 
ischemia/reperfusion damage.  

 

Given the interesting biological prediction outlined by bioinformatics tools (Figure 29a-d), 

we were interested to confirm in cells the putative harmful effects of ATP5G1G87E in terms 

of mPTP function and cell death in I/R conditions. To this aim, we tried to enroll both 

STEMI-patients carrying the mutation, but we were able to recall only one, because the 

second one died following MI. Functional analysis on fibroblasts of the enrolled STEMI-

patient (Id 24) unveiled an altered mPTP activity and Δψm under Ca2+- and ROS-

dependent stimuli, respectively, when compared to control counterparts Id C1 and Id C2 

(Figure 29e,f). These differences were statistically significant with a p < 0.01. In addition, 

under I/R insult, we noticed decreased cell viability in Id 24 cells as evaluated by the 

propidium iodide (PI) uptake (p < 0.001 for Id C1 vs. Id 24; p < 0.0001 for Id C2 vs. Id 24) 

and crystal violet (p < 0.05 for Id C1 vs. Id 24; p < 0.01 for Id C2 vs. Id 24) approaches 

(Figure 29g). Cell death at reperfusion time was due to a greater activation of the 

apoptotic pathway in Id 24 cells compared to the control counterparts, as measured by 

quantification of cleaved PARP, once detected in fluorescence by the use of a monoclonal 

specific antibody (p < 0.01 for Id C1 vs. Id 24; p < 0.001 for Id C2 vs. Id 24; Figure 29h). 

 

Figure 29. e: calcein-cobalt quenching assay in fibroblasts from skin biopsy of the STEMI patient 

carrying mutation (Id 24, orange bar) and the control counterparts (Id C1 and Id C2, black bars), 

mPTP activity is reported as slope of the kinetics following ionomycin administration.  

f: Δψm in the same cells of E by using TMRM assay, it is reported as slope of the kinetics following 

hydrogen peroxide administration.  
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g: quantification of cell viability by reporting both cells that have incorporated propidium iodide (PI) 

(on the left) and cells remained alive upon I/R, stained with crystal violet (on the right). Results 

have been reported as percentage.  

h: cleaved PARP detection and quantification by immunofluorescence in confocal microscopy: 

statistics and representative images under I/R are reported. Results have been represented as 

arbitrary fluorescence units (a.f.u.) 

 

Moreover, in the absence of stressors, fibroblasts from Id C1, Id C2 and Id 24 patients 

shared similar mitochondrial parameters in terms of morphology, Δψm and mitochondrial 

Ca2+ handling (Figure 30a-c), they own similar expression levels of proteins that could be 

directly or indirectly involved in mPTP opening (Figure 30d), as well as unchanged was 

the dimerization status of ATP synthase complex at resting state (Figure 30e). The 

findings reported up to here highlighted once again a critical role for c subunit in mPTP 

opening, but taking into consideration genetic determinants. 

 

 

 

 



60 

 

Figure 30. Mitochondrial parameters of fibroblasts in normoxia conditions 

a: analysis of mitochondrial morphology performed in Id C1, Id C2 and Id 24 cells by the use of 

Mitotracker Deep Red and confocal microscopy: representative images on the left and statistics 

about the number of mitochondria and their volume, the total mitochondrial network (Y axis) on the 

right.  

b: analysis of basal Δψm performed by the use of TMRM probe and fluorescence microscopy.  

c: analysis of mitochondrial Ca
2+

 handling upon agonist (Bradykinin) administration.  

d: detection (on the left) and quantification (on the right) of proteins directly or indirectly involved in 

mPTP modulation by western blot analysis. Actin: loading marker; TIM23: mitochondrial loading 

marker; MCU: mitochondrial calcium uniporter; ATP5I: ATP synthase subunit e, involved in ATP 

synthase dimerization; ATP5L: ATP synthase subunit g, involved in ATP synthase dimerization; 

CYPD: mitochondrial cyclophilin D, mPTP modulator.  

e: ATP synthase dimerization status of fibroblasts in resting conditions assessed by proximity 

ligation assay (PLA) with the use of ATP5H specific antibody and confocal microscopy.  

n.s.=not significative. 

 

In order to evaluate and confirm the deleterious effects of ATP5G1G87E expression in a 

cardiac environment, the wild type ATP5G1 cDNA has been mutated and overexpressed 

in human ventricular cardiomyocytes (AC16 cell line, Figure 31a), to mimic the effect of 

the heterozygous mutation. As seen in Figure 31b, the mutated protein is expressed and 

localized to mitochondrial compartment in AC16 cells. As expected, the expression of 

ATP5G1G87E strongly altered mPTP opening upon Ca2+-dependent stimulus in three 

different types of cardiac myocytes: AC16 (p < 0.01), neonatal rat cardiomyocytes 

(NRCMs, p < 0.01) and HL-1 (p < 0.05) (Figure 31c). In details, ATP5G1G87E promoted a 

mPTP opening that was double to that seen by overexpressing c subunit WT 

(ATP5G1WT), the reference control (36). For the experiments reported below, AC16 was 

the cell line taken into account to perform the study since it has human origin and it is 

easy to handle. In Figure 31d we reported Δψm measures upon ROS-dependent stimulus 

that reproduced data seen in panel c for AC16. 
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Figure 31. ATP5G1
G87E

 variation alters mPTP activity and cell death pathway during I/R in 

human ventricular cardiomyocytes 

a: cardiac troponin T (in green) detection in AC16 cell line by immunofluorescence in confocal 

microscopy; in the image can be seen also the nucleus (in blue) and the mitochondrial network 

detected by TOM20 antibody (in red)  

b: expression and localization of ATP5G1
G87E

 mutated protein (in red, with the use of an anti-FLAG 

antibody as tag of the plasmid) in AC16 cell line.  

c: calcein-cobalt quenching assay in AC16, neonatal rat cardiomyocytes (NRCMs, white bar for 

ATP5G1
WT

 and black bar for ATP5G1
G87E

) and HL-1 cells (white bar for ATP5G1
WT

 and black bar 

for ATP5G1
G87E

) where mPTP activity is reported as slope of the kinetics following ionomycin 

administration.  

d: Δψm in AC16 cells by using TMRM probe; it is reported as slope of the kinetics following 

hydrogen peroxide administration.  

 

In the attempt to validate the hypothesis that genetic determinants of c subunit and thus of 

mPTP are crucial in I/R conditions in the heart, we have reproduced ischemia and 

reperfusion by the use of a hypoxic chamber in which we evaluated kinetics of mPTP and 

cell death onset at the time of reperfusion. Even in this case, cells expressing ATP5G1G87E 

resulted in a hyper-responsive mPTP opening (p < 0.01, Figure 31e) compared to those 

expressing ATP5G1WT. 

To better describe the effect of ATP5G1G87E in experiments involving cell population rather 

than single-cell analysis, two AC16 clones stably expressing ATP5G1WT and ATP5G1G87E 

proteins have been used. In cardiomyocytes, the altered mPTP channel activity promoted 

by ATP5G1G87E led to decreased cell viability (p < 0.0001, Figure 31f) due to greater 

apoptosis activation as detected by cleaved PARP specific antibody in western blot and 

immunofluorescence analysis (p < 0.01, Figure 31g,h). 

Taken together these findings suggest that ATP5G1G87E is responsible for a significant and 

exacerbated I/R damage in both fibroblasts from patient and in ventricular 

cardiomyocytes. 
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Figure 31. e: calcein-cobalt quenching assay in AC16 at reperfusion time upon hypoxic chamber 

where mPTP activity is reported as slope of the kinetics.  

f: quantification of cell viability by crystal violet assay in AC16 clones stably expressing ATP5G1
WT

 

and ATP5G1
G87E 

in I/R conditions. Results have been reported as percentage.  

g: detection of the cleaved PARP activation by western blot analysis in I/R conditions in AC16 

clones stably expressing ATP5G1
WT

 and ATP5G1
G87E

  

h: cleaved PARP detection and quantification by immunofluorescence in confocal microscopy in 

AC16 clones stably expressing ATP5G1
WT

 and ATP5G1
G87E

: statistics and representative images 

under normoxia and I/R are reported. Results have been represented as arbitrary fluorescence 

units (a.f.u.). . 
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5. C subunit selective targeting reduces deleterious effects of ATP5G1G87E 

expression. 
 

With the aim to counteract the deleterious effects of ATP5G1G87E in I/R injury and to 

understand if they are dependent mainly from cell genotype, we performed most of the 

experiments showed in Figure 31 in the presence of compound 10, a selective c subunit 

inhibitor known to have cardioprotective roles (101). Figure 32a,b reported the presence 

of an altered mPTP opening also in AC16 clone stably expressing ATP5G1G87E mutation 

upon ionomycin administration and I/R induction (at reperfusion time); in addition, 

compound 10 treatment desensitized channel activity lowering the slope of the kinetics (p 

< 0.05 for ATP5G1WT vs. ATP5G1WT + c.10 and p< 0.01 for ATP5G1G87E vs. ATP5G1G87E + 

c.10). Upon I/R, living cells were significantly more than those untreated (p < 0.05 for 

ATP5G1WT vs. ATP5G1WT + c.10 and p< 0.01 for ATP5G1G87E vs. ATP5G1G87E + c.10, 

Figure 32c). Indeed, compound 10 reduced apoptosis activation as detected by cleaved 

PARP specific antibody (Figure 32d). Taken together these findings suggest first, that 

ATP5G1G87E variation is sensible to c subunit inhibitors at the time of reperfusion; second, 

harmful effects previously described were dependent form the expression of ATP5G1G87E. 

 

Figure 32. Selective 
targeting of c subunit 
reduces harmful 
effects of ATP5G1

G87E
 

a: calcein-cobalt 

quenching assay in 

AC16 clones stably 

expressing ATP5G1
WT

 

and ATP5G1
G87E

, where 

mPTP activity is 

reported as slope of the 

kinetics following 

ionomycin 

administration.  

b: calcein-cobalt 

quenching assay in 

AC16 clones stably 

expressing ATP5G1
WT

 

and ATP5G1
G87E

, where 

mPTP activity is 

reported as slope of the 

kinetics at reperfusion 

time after ischemia.  

c: quantification of cell 

viability by crystal violet 

assay in AC16 clones 

stably expressing 

ATP5G1
WT

 and 

ATP5G1
G87E 

in I/R conditions. Results have been reported as percentage.  

d: cleaved PARP detection by western blot assay in AC16 clones stably expressing ATP5G1
WT

 

and ATP5G1
G87E

. 
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Discussion 
 

At the best of our knowledge there are no translational studies that report evidences of a 

link between mPTP opening and its effects in reperfusion injury progression in patients 

affected by I/R-related pathologies; as well as one important question still remains to be 

solved, how mPTP function varies and how it can be assessed in MI patients. Given these 

premises, the first part of this study was planned and carried out to fill those gaps in 

evidence. 

Thus, we performed the following two-step study: first, to understand how mPTP activity 

can be assessed in patients affected by cardiovascular diseases, we collected fibroblasts 

and cardiomyocytes in a cohort of 16 patients undergoing cardiac surgery (Figure 24a). 

We evaluated and compared mPTP function in both cell lines for each patient where we 

reported a significant positive correlation in mPTP activity between fibroblasts and 

myocytes (Figure 24b-d). Surprisingly, the findings suggested that differences between 

fibroblasts and myocytes in terms of mPTP activity are negligible, thus skin biopsy can be 

considered as a feasible cell model to study mPTP activity, with the advantage of being a 

collection of tissue less invasive than a conventional cardiac biopsy.  

Second, given the still lacking direct correlation between mPTP activity and RI in STEMI 

patients undergoing successful PCI, we performed a second pilot study (Figure 25) in 

which, the clinical outcome of 14 STEMI patients expressed in terms of MSI (detected by 

cMRI, Figure 26d) and mPTP function measured in fibroblasts (Figure 26a-c), have been 

related. With a strong statistical significance, we found a direct correlation between the 

opening of the pore and the reperfusion damage developed upon PCI (Figure 26e). 

Thus, for the first time in patients, we reported the important correlation between mPTP 

and RI upon PCI and that, hyper-responsive mPTPs are one among signaling players 

involved in a worse reperfusion damage in patients undergoing the same MI type (Figure 

25 and Figure 26f,g). In addition, the fact that inter-individuals differences of mPTP 

function exist (Figures 24a and 26a,b), strengthens the concept that the analysis of mPTP 

function is a crucial step to be evaluated. 

Recently, c subunit has been identified as an important regulator of the mPTP and what is 

known is that the protein expression in cells regulates the opening of the pore and cell 

death (36), circulating c subunit levels in serum vary between acute myocardial infarction 

patients and are significantly related to several surrogate markers of myocardial 

reperfusion (140); moreover, mPTP involves dissociation of ATP synthase dimers and a 

proper c-ring conformation (75) and that c subunit targeting is known to be a valid 

cardioprotective strategy in pre-clinical animal models as an adjunct therapy for the 

treatment of reperfusion injury (101). Since MI is a multifactorial disease in which both 

environmental factors and genetic profiles play a key role in its development and 

progression (191), (219), we wondered if mPTP function (that varies among patients) at 

the time of reperfusion might be dependent also by genetic variations in proteins that 

modulate it, such as c subunit. Indeed, the link between genetics of mPTP and 

reperfusion damage progression is still lacking. For this reason, in the third part of the 

study we sequenced all three c subunit-encoding genes in a cohort of 52 STEMI patients 

(Figure 27) where we detected the new ATP5G1G87E variant, a heterozygous missense 

mutation found in exon 3 of ATP5G1 gene with a recurrence of 2 individuals out of 52 

(Figure 28 and Figure 29a). This mutated glycine at position 87 is part of a glycine-rich 

and highly conserved domain of c subunit (Figure 29b) (222); it has been reported that 

modifications in this site determine c-ring conformational changes (75) that may impact on 

mPTP opening. In silico approaches by the use of the highly established predictive 

software PolyPhen 2, classified ATP5G1G87E variant as probably damaging once 
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expressed with a score of 0.993 in a scale ranging from 0 to 1. Other 6 softwares have 

confirmed this prediction (Figure 29c); as well as functional analysis performed in 

fibroblasts from one of the two STEMI patients carrying mutation (the second one died 

following MI). These cells own a hyper-responsive mPTP opening (Figures 29e,f) that, in 

I/R experimental conditions led to a significant decrease in cell viability due to a greater 

extend of apoptotic pathway activation and when compared to control counterparts 

(Figures 29g,h). These important findings have been replicated in an in vitro model of 

human ventricular cardiomyocytes subjected to I/R (Figure 31). Considered that cells used 

in this study did not highlighted differences in mitochondrial parameters in absence of 

stressors and in normoxia conditions (Figure 30), we can speculate that ATP5G1G87E 

variant may be deleterious only at reperfusion time, once MI has developed. The fact that 

targeting c subunit by the use of the selective inhibitor compound 10 limited mPTP 

alteration and reduced cell death (Figure 32), suggested us first, that patient(s) carrying 

mutation could be still ideally treated with c subunit inhibitors (101) at the time of 

reperfusion; second, that harmful effects previously reported were dependent from the 

expression of ATP5G1G87E genotype. 

We are aware that this study contains limitations including the little cohorts of patients 

analyzed (mainly due to ethical concerns), but it was important to do the groundwork in 

improving the knowledge about mPTP in I/R injury both in the clinical practice and how it 

can be used as pharmacological target in current strategies; for these reasons in the 

future we will extend the study to bigger population size.  
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Materials and Methods 
 

Study A: Study population for analysis about PTP function in different human cells 
 

The CROFT (Simultaneous evaluation of levels and sub-unit function components of the 

mitochondrial permeability transition pore (mPTP) in CaRdiOmyocytes, Fibroblasts and 

Thymocytes in patients undergoing cardiac surgery) was a single centre, investigator 

driven, prospective study conducted at the Cardiac surgery unit of Maria Cecilia Hospital 

of Cotignola, Ravenna, Italy. Patients were enrolled between July and December 2019. 

The trial was performed according to the Declaration of Helsinki and approved by the local 

ethics committee (Comitato Etico Area Vasta Emilia Romagna). Patients with a surgical 

indication for cardiac revascularization or heart valve surgery, >18 years old, previous 

coronary angiography with documentation of coronary artery disease were enrolled. 

Exclusion criteria were: refused informed consent; contra-indication to statin therapy, 

known haemorrhagic disease, known disease of mitochondria, neoplasia treated <5 years 

ago, chemotherapy < 5 years ago, life expectancy < 1 year, suspected neoplasia, use of 

oral contraceptives, pregnancy or feeding. All patients enrolled underwent skin biopsy to 

obtain a fibroblast culture and myocardial biopsy to obtain atrial cardiomyocytes cultures. 

As a basic research pilot study, the sample size calculation is not feasible. Considering 

similar studies (223), (224) and the poor performance of cardiomyocytes once they are 

put into culture, we enrolled 20 patients in which the two-fold biopsy (skin fibroblasts and 

atrial cardiomyocytes) was performed. 

 

Skin biopsy and fibroblasts extraction protocol 
Patients undergoing coronary artery bypass graft need the packaging of one or more 

saphenous or autologous mammary bypass. Thus a skin biopsy was performed at the site 

of the autologous saphenous bypass or at the level of the thoracic skin incision. The skin 

tissue was collected with a clamp and introduced in a sterile container, pre-filled with an 

adequate quantity of preservative solution. Fibroblasts were isolated from the epidermis, 

dermis and hypodermis. 

After the surgical intervention, the skin biopsy was stored overnight in HBSS containing 

3% PS and 1% amphotericin B. After washings and mincing, the pieces were arranged in 

25-cm2 with a thin layer of FBS and every day added with 500 µL of DMEM with 50% FBS. 

After around 10 days from the pieces came out fibroblasts that were trypsinized and 

amplified.  

 

Myocardial biopsy and cardiomyocytes extraction protocol 
A single tissue sample was collected at the level of the left atrial appendage where the 

tobacco-pouch was made for venous cannulation. The tissue was collected with a clamp 

and introduced in a sterile container, pre-filled with an adequate quantity of preservative 

solution. Cardiomyocytes were isolated from myocardium. The procedure was performed 

in accordance with standard procedure widely described in the literature (223), (224). 

Briefly, within 20 min after myocardial biopsy, atrial appendages have been digested using 

a double step protocol involving first 30 min of Protease XXIV and then 60 min 

Collagenase II digestion in a buffer with low calcium, at 37°C and continuously 

oxygenated. The digestion product was filtered with a 300 µm nylon mesh and carefully 

centrifuged at 100 g for 5 min. Cells were counted and seeded onto 24-mm glass 

coverslips characterized by a laminin coating. Experiments were performed within 6 

hours. 
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Cell culture and transient transfection 

AC16 Human Cardiomyocyte Cell Line was grown in DMEM/F12 containing 2mM L-

Glutamine, 12.5% fetal bovine serum (FBS) and 1x Penicillin-Streptomycin (PS) Solution 

in 75-cm2 Corning flasks. AC16 stable clones overexpressing wild-type or mutated c 

subunit were grown in the same DMEM/F12 supplemented with 0,4 mg/ml G418 

selection. Human primary fibroblasts were grown in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 20% FBS, 2mM L-Glutamine and 1x PS in 100mm Petri 

dishes. All cells were maintained at 37°C and 90% relative humidity in 5% CO2. Before 

transfection or infection, cells were seeded onto 13-mm glass coverslips for intracellular 

Ca2+ measurements and onto 24-mm glass coverslips for microscopic analysis. All 

experiments were performed 24 h after plasmid transfections with Lipofectamine 2000. In 

experiments involving compound 10, cells were pre-treated for 15 min with a 

concentration of the compound of 5µM in complete medium 

 

Ischemia/Reperfusion protocol 

Where needed, cells were rinsed with PBS and culture medium changed according to the 

oxygen-glucose deprived protocol as described in (225) with little variations. Cells were 

exposed at 37°C, to 1% O2 for 3 h to simulate ischemia condition. At reperfusion time cells 

were cultured with complete fresh medium and measured.  

 

mPTP measurements 

For calcein-cobalt quenching assay all cells were loaded with 1µM calcein acetoxymethyl 
ester and 2mM Co2+, staining solution was added to cells for 15 min at 37 °C in a 5% CO2 
atmosphere (34). Image acquisitions were performed with Nikon Eclipse Ti confocal 
microscope with a 40×/0.60 SPlanFluor objective. Openings of mPTP rates were 
determined as the slopes of the fluorescence of calcein trace over a period of 60 sec post-
stimulation with 500nM ionomycin, administered 30 sec after the beginning of the 
experiment to induce mPTP opening.  For Δψm measurements cells were loaded with 20 
nM tetramethyl rhodamine methyl ester (TMRM) for 30 min at 37°C. Stimulation with 500 
µM H2O2, a pro-oxidant that induced mPTP opening, mitochondrial depolarization, and 
reduced TMRM signal intensity (34). Image acquisitions were performed with Nikon 
Eclipse Ti confocal microscope with a 40×/0.60 SPlanFluor objective. 
 

Mitochondrial parameters measurements 

For basal Δψm, cells were loaded with 20nM tetramethyl rhodamine methyl ester (TMRM) 

for 30 min at 37°C. To obtain and analyse basal levels, cells were stimulated with 10nM 

carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), a strong uncoupler of 

oxidative phosphorylation. 

For mitochondrial morphology primary fibroblasts were stained with 20nM MitoTracker 

Deep Red FM for 30 minutes at 37°C and imaged with Nikon Eclipse Ti confocal 

microscope using a 60 × 1.4 NA Plan-Apochromat oil-immersion objective. The analysis 

was performed with IMARIS software. 

For mitochondrial Ca2+ measurements fibroblasts were infected with mtAEQmut, 48 h later 

the coverslips were incubated with 5μM coelenterazine for 1.5 h in Krebs-Ringer modified 

buffer (KRB) supplemented with 1mM CaCl2 (KRB: 125mM NaCl, 5mM KCl, 1mM 

Na3PO4, 1mM MgSO4, 5.5mM glucose, and 20mM Hepes, pH 7.4, at 37°C). Aequorin 

signals were measured in KRB supplemented with 1mM CaCl2 using a purpose-built 

luminometer. The agonist (500μM Bradykinin for fibroblasts) was added to the same 

medium. The experiments were terminated by lysing the cells with Triton X-100 in a 

hypotonic Ca2+-rich solution (10mM CaCl2 in H2O), thus discharging the remaining 



68 

 

aequorin pool. The light signals were collected and calibrated with [Ca2+] values. Further 

experimental details have been previously described in (226). 

 

Immunofluorescence 

AC16 cells were grown onto 13-mm coverslips and transfected as described previously, 

were washed with PBS and fixed in 4% formaldehyde for 10 min at 37°C. After washing 

three times with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS (PBS-T) for 

2 h at room temperature and then blocked with PBS-T containing 2% BSA at room 

temperature for 1 h. For fibroblasts permeabilization lasts 10 min with 0.05% PBS-T. Cells 

were then incubated with primary antibodies overnight at 4°C, washed 3 times with PBS-

T, and incubated with the appropriate isotype matched, AlexaFluor-conjugated secondary 

antibodies. Coverslips were mounted with mounting medium with DAPI reagent at room 

temperature, and images were acquired with Nikon Eclipse Ti confocal microscope using 

a 60 × 1.4 NA Plan-Apochromat oil-immersion objective. Acquired images were then 

analyzed by using open source software Fiji. 

 

Propidium iodide (PI) uptake assay 

Primary fibroblasts were stained with 1.5mM PI for 5 min at room temperature, then 

washed and fixed in 4% formaldehyde. After another wash, coverslips were mounted with 

mounting medium reagent, and images were acquired with Nikon Eclipse Ti confocal 

microscope using a 60 × 1.4 NA Plan-Apochromat oil-immersion objective. Acquired 

images were then analyzed for PI positivity by using open source software Fiji. For further 

details see (36). 

 

Proximity Ligation Assay (PLA) 

After fixation, cells were exposed to 1mM EDTA buffer (pH 8.0) for 20 min at 100°C 

(antigen retrieval) then the procedure was started. The PLA protocol to detect F1FO ATP 

synthase dimers is described in detail in (75). Protein proximity was evaluated on Nikon 

Eclipse Ti confocal microscope using a 60 × 1.4 NA Plan-Apochromat oil-immersion 

objective.  

 

Immunoblot 

For immunoblotting, cells were lysed in RIPA buffer, then quantified by the Lowry method 

and 10 µg of proteins were loaded on a 4–20% precast gel. After electrophoretic 

separation, proteins were transferred onto nitrocellulose membranes that were incubated 

overnight with primary antibodies as Actin (1:5000), TIM23 (1:1000), MCU (1:1000), 

ATP5I (1:1000), ATP5L (1:1000), CYPD (1:1000), c subunit (1:1000), Cleaved PARP 

(1:1000). The revelation was assessed by specific HRP-labeled secondary antibodies, 

followed by detection by chemiluminescence using ChemiDoc™ Touch Gel Imaging 

System. 

 

Cell viability assay (Crystal violet) 

Cells seeded in 12-well plates were treated with I/R protocol in the presence or absence 

of compound 10, then the cells were washed with PBS, fixed in 4% paraformaldehyde, 

and stained with 0.1% crystal violet. Crystal violet was dissolved with 1 mol/L acetic acid, 

and absorbance at 590 nm was measured with spectrophotometer.  
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Study B: Study population for mPTP function and reperfusion damage tests and c 

subunit genetic screening 

 

Based on findings of study A, study B is carried out to investigate, in humans, the 

correlation between PTP activity as measured on fibroblasts and reperfusion damage as 

measured by cMRI. It was a single centre, investigator driven, prospective study 

conducted at the Cardiology Unit of the Azienda Ospedaliero-Universitaria di Ferrara 

(Ferrara, Italy). Patients were enrolled between February 2019 and March 2019. The trial 

was performed according to the Declaration of Helsinki and approved by the local ethics 

committee (Comitato Etico Unico della Provincia di Ferrara). Inclusion criteria for the 

enrolment were: i) first-time acute anterior ST-segment elevation myocardial infarction 

(STEMI) treated with successful percutaneous coronary intervention (PCI); ii) time from 

onset of symptoms to balloon <6 hours; iii) culprit lesion in the proximal or mid portion of 

left anterior descending artery (LAD); and iv) baseline thrombolysis in myocardial 

infarction (TIMI) flow 0–1. Major exclusion criteria were: prior myocardial infarction and/or 

percutaneous or surgical coronary revascularization and/or prior angina and/or evidence 

of ischemic heart disease, previous heart failure, cardiac arrest and/or cardiogenic shock, 

atrial fibrillation, pacemaker, concurrent inflammatory, infectious or malignant disease, 

liver and/or renal failure, recent significant bleeding and/or major surgery (<4 weeks), use 

of oral anticoagulants or contraceptive. PCI procedure, antithrombotic drugs and all other 

medications were administered according to standard clinical practice, institutional 

protocols and current guidelines. The study flow consists in a skin biopsy to obtain 

fibroblasts and in a cMRI to assess the reperfusion injury.  

 

Skin biopsy 

Skin biopsies (3 mm punch) were collected from the volar side of the forearm (227). Each 

biopsy was cut into small pieces (around 0.5 mm) and seeded in 25 cm2 flasks. The tissue 

was collected with a clamp and introduced in a sterile container, pre-filled with an 

adequate quantity of preservative solution. 

 

Cardiac MRI 

All cMRI studies were performed with a 1.5-T scanner (Signa HDX, GE Medical Systems, 

Milwaukee, Wisconsin) using a dedicated cardiac software, phased-array surface receiver 

coil and ECG triggering. Patients underwent cMRI in two different timepoints: the first one 

within 4+-1 days and the second one after 180+-20 days after successful primary PCI, 

respectively. Data were analyzed using Segment software (Medviso, Svezia) by a fully 

blinded operator. After acquisition of localizer images, cine images were obtained using 

breath-hold single-phase steady-state free precession (SSFP) sequences in multiple 

short-axis and 3 long-axis views (slice thickness 10 mm, no gap in identical slice 

positions). Black-blood T2-weighted short inversion time inversion-recovery fast spin echo 

sequence was performed in the same views as the cine sequences in order to evaluate 

myocardial edema. Ten minutes after intravenous injection of contrast agent (0.15 

mmol/kg Gadobutrol, Scering, Germany), late gadolinium enhancement (LGE) images 

were acquired using breath-hold segmented T1-weghted inversion-recovery gradient-echo 

sequence in the same long-axis and short-axis views of cine images. The inversion time 

was individually adjusted to null normal myocardium. T2-weighted and LGE images were 

semi-automatically analyzed. Infarct related edema was defined by a signal intensity >2 

SD the mean single intensity of the non-infarcted myocardium, identifying the area at risk 

(AAR) expressed as percentage of LV mass.  Infarcted myocardium was quantified on 
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LGE images as myocardium with a signal intensity exceeding the mean signal intensity of 

remote myocardium by at least 5 SD and was expressed as percentage of LV 

mass. Finally, the myocardial salvage index (MSI) was calculated according to the 

following equation (AAR-infarct size at LGE)/AAR) and it was expressed as value ranging 

between 0 and 1 (228). 

 

Study C: C subunit genetic screening 

 

To investigate the potential role of genetic determinants in the inter-subject variability a 
complete analysis of the gene coding for c subunit of the mitochondrial permeability 
transition pore is performed in patients of a previous published trial (140). It was a single 
centre, investigator driven, prospective study conducted at the Cardiology Unit of the 
Azienda Ospedaliero Universitaria di Ferrara, Ferrara, Italy. Patients were enrolled 
between December 2013 and January 2015. Inclusion and exclusion criteria have been 
previously reported (229). Briefly, as the population of the study B, patients with a first-
time acute anterior STEMI treated with successful primary PCI were considered eligible. 
Overall, 158 patients have been enrolled.  The aim of the study was to measure the 
values of serum subunit c and to correlate them with surrogate markers of reperfusion 
injury. In 52 of these patients, whole blood was available for DNA extraction and were 
considered for the present analysis. DNA was extracted and full sequencing of the  
subunit c genes was performed.  
 

Blood sample collection 

Blood withdrawal was performed 6–18 h after the end of successful PCI (median 10  

hours). Blood samples were collected from an antecubital vein using a 21-gauge needle. 

The first 2 to 4 mL of blood was discarded. The remaining blood was collected in empty 

tubes and, after 45 min, centrifuged at 1700 xg at 4 °C for 15 min. The serum obtained 

was stored at −20 °C. 

 

DNA extraction 

Genomic DNA was extracted from whole blood of selected patients after informed consent 

using the Wizard® Genomic DNA Purification Kit (Promega) according to manufacturer’s 

instructions (https://www.promega.com/-/media/files/resources/protcards/wizard-genomic-

dna-purification-kit-quick-protocol.pdf?la=en). 

Briefly, 900 μL of Cell Lysis Solution were added to 300 μL of whole blood and incubated 

for 10 min at room temperature and centrifuged at 19000 g for 20 seconds. The 

supernatant was discarded and the pellet vortexed before adding 300 μL of Nuclei Lysis 

Solution, mixing by inversion and adding 100 μL of Protein Precipitation Solution. The 

obtained solution was vortexed for 20 seconds and centrifuged at 19000 g for 3 min. 

The supernatant was transferred to a new tube containing 300 μL of isopropanol, mixed 

and centrifuged at 19000 g for one minute. Discarded the supernatant, the DNA pellet was 

washed with 70% ethanol and centrifuged as above. After removal of the ethanol, the 

DNA pellet was air dryed and resuspended in 100 μL of DNAse-free water. 

 

PCR amplification, sequencing and analysis 

Primers were designed to amplify about 200 base pairs before and after all exons and 

UTRs of the gene ATP5G1, ATP5G2 and ATP5G3, using the Primer3Plus online software 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). 

PCR amplification was performed using the AmpliTaq Gold® 360 kit (Life Technologies) 

and 50 ng of genomic DNA per reaction. The full list of PCR primers and annealing 

temperatures are available in Tables S3. 

http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
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After verification on agarose gel, amplicons have been purified on columns  Microcon 

Millipore and sent for sequencing to Macrogen Europe (https://dna.macrogen.com). 

Chromatograms have been visualized with Chromas (version 2.33) and analyzed with 

Blast and Lasergene SeqMan (version 7.0.0 Build) allowing multiple alignments and direct 

comparison of several sequences at the same time. Identified variants have been 

compared with the dbSNP139 (https://www.ncbi.nlm.nih.gov/snp/) and reported in Table 

S3. 

 

Predictive softwares 

PolyPhen-2 (Polymorphism Phenotyping v2) was used to predict possible impact of an 

amino acid substitution on the structure and function of c subunit protein using 

straightforward physical and comparative considerations as described in (220). In the 

same way, RaptorX predicted secondary and tertiary protein structures, contact and 

distance map as described in (221). 

 

Statistical analyses 

The statistical methods included t-test (when comparing two experimental groups), one-

way ANOVA with or without multiple comparisons (for three or more groups) and 

Spearmans’s correlation coefficient r performed by GraphPad Prism. P values are 

reported in the figure legends and in the Results section. 
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